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JOSHUA  KENDY  CORPORATION 
HYDROFOIL  STUDY 
Contract  No.  N9onr-93201 


OBJECTIVE 


It  is  the  objective  of  this  study  to  obtain  and  analyse  .vsilable 
data  on  the  subject  of  hydrofoils,  to  make  necessary  cal: ulations, 
obtain  necessary  experimental  data  toward  the  end  of  deti raining  the 
desirability  and  applicability  of  hydrofoils  to  surface  vessel#  and, 
if  and  as  the  studies  warrant,  to  assemble  and  present  in  practical 
usable  form  engineering  and  scientific  data  to  be  used  ai  a  basis 
for  the  preliminary  design  of  surface  vessels.  The  contract  target 
requirement  of  obtaining  maximum  lift-drag  ratio  is  a  governing  ob¬ 
jective  of  all  of  the  studies. 


BASIC  DATA 


Because  of  the  classified  nature  of  the  contract,  all  data  reviewed 
has  been  obtained  through  the  Office  of  Naval  Research,  which  has 
supplied  not  only  requested  information,  but  such  other  data  m  was 
considered  pertinent,  covering  a  considerable  amount  of  foreign  in¬ 
formation  of  a  classified  nature  and  some  covering  recant  United 
States  experience.  Current  word:  on  hydrofoils  by  other  groups  has 
been  reviewed  only  if  the  information  was  supplied  through  the  Office 
of  I! aval  Research ° 


METHOD  OF  ATTACK 


The  study  approaches  the  problem  of  hydrofoil  craft  from  the  point 
of  view  of  a  possible  designer,  recognising  the  interdependence  of 
structural,  hydrodynamic ,  stability  and  propulsive  requirements*  A 
considerable  amount  of  detailed  study  has  been  given  to  each  of 
these  subjects  and  a  great  many  preliminary  design  charts  have  been 
prepared  to  indicate  the  effect  of  the  variation  of  each  of  the 
parameters  on  the  final  design.  While  many  of  these  charts  will 
have  only  occasional  use,  it  is  hoped  that  they  will  save  a  future 
designer  a  considerable  amount  of  work  and  time  in  retracing  the 
tedious  and  lengthy  calculations  necessary  to  find  out  what  may  be 
expected  to  happen  when  one  of  the  parameters  is  varied*  Where 
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possible,  p  ,'evious  experimental  results  have  been  checked  against 
these  data.  It  i3  recognized,  however,  that  additional  experimental 
data  is  needed  to  complete  the  usefulness  of  the  charts. 

The  studies  were  conducted  as  a  coordinated  effort  of  various  spe¬ 
cialists  but  for  convenience  of  reference,  thi3  report  has  been 
divided  inti  sections  by  subjects,  with  the  primary  responsibility 
for  each  section  assigned  to  the  subject  specialist.  The  staff 
responsible  for  this  work  is  as  follows: 

Project  Director 
Hydrodynamics 
Structures 
Stability 
Propulsion 


GENERAL 

Brief  Historical  Background 

Hydrofoils  lave  been  used  sporadically  on  various  types  of  craft  for 
many  years.  As  early  as  1911  Guidoni  used  them  successfully  in  Italy 
to  assist  landing  and  take-off  of  seaplanes  and  continued  their  suc¬ 
cessful  use  for  a  number  of  years  on  aircraft  with  a  range  of  gross 
weights  from  lliOO  to  55,000  pounds.  Their  successful  use  was  in  the 
era  of  relatively  low  speeds  for  aircraft,  and  as  take-off  and  land¬ 
ing  speeds  Increased,  the  use  of  hydrofoils  for  this  purpose  apparently 
declined,  .although  other  nations  were  aware  of  the  Italian  results, 
no  others  saw  fit  to  use  hydrofoils  extensively  for  this  purpose. 

About  1918  Dr.  Alexander  Graham  Bell's  laboratories  developed  a 
hydrofoil  craft  utilizing-  multiple  fixed  foils  which  apparently 
operated  successfully  at  high  speeds  as  high  as  60  to  70  knots « 
Reports  indicate  that  it  attained  a  lift-drag  ratio  of  about  8. 

Recently  in  England  Christopher  Hook  built  and  operated  small 
hydrofoil  craft  utilizing  foils  whose  angle  of  attack  was  auto¬ 
matically  controlled  by  the  use  of  a  small  surface  sensing  float. 
Apparently  he  achieved  lift-drag  ratios  in  the  order  of  8  with  very 
small  craft.  His  ia  the  only  known  attempt  to  vary  angle  of  attack. 

Small  fixed-foil  craft  have  been  recently  constructed  and  operated 
by  Swedish  engineers.,  with  interesting  results  reported  in  popular 
magazines,  but  no  technical  data  concerning  them  has  been  reviewed 
by  us. 

The  most  extensive  development  of  hydrofoil  craft  for  which  records 
are  available  was  done  by  the  Germans  prior  to  and  during  World  War 
II.  They  were  of  Wo  types  —  those  developed  by  Tietjens  and  those 
developed  by  the  Sachsenberg  Brothers.  Tietjens  utilized  one  large 
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main  foil  forward  carrying  the  major  portion  of  the  load,  with  a 
small  tail  foil  aft.  The  Sachsenberg  Brothers •  craft  utilized  two 
foils  of  approximately  equal  area,  one  forward  and  one  aft.  Both 
used  fixed  foilo  of  relatively  low  aspect  ratio  and  both  attained 
stability  by  variation  in  the  submerged  area  of  the  foils  and  by 
the  use  of  V-shaped  foils  piercing  the  surface.  Less  data  seems  to 
be  available  on  the  Tietjens  craft  and  there  are  indications  that 
less  development  time  was  spent  on  this  type  of  craft  than  on  the 
other,  due  to  war  interruption,  and  there  are  also  indications 
that  it  was  less  satisfactory  in  rough  water  performance  from  a 
stability  point  of  view  than  was  the  Sachsenberg  Brothers *  craft. 

The  Sachsenberg  Brothers  apparently  gave  extended  study  to  the 
subject  and  built  numerous  craft  of  various  displacements,  up  to 
80  tons,  with  power  plants  as  high  as  5000  H.P.  These  craft  were 
operated  with  varying  degrees  of  success  up  to  speeds  in  excess  of 
50  knots.  Progress  was  made  gradually  over  a  number  of  yearo  of 
effort  and  the  records  indicate  that  there  were  many  problems  still 
requiring  extensive  research;  there  were  also  mixed  opinions  as  to 
the  effectiveness  of  hydrofoil  craft  at  the  time  work  was  discon¬ 
tinued,  due  to  bombings  and  enemy  action.  There  is,  however,  ample 
evidence  that  these  craft  performed  very  well.  Apparently  the  Russian 
Effort  is  along  these  lines. 

None  of  the  foreign  craft  of  the  past  for  which  records  were  reviewed 
resulted  in  very  high  lift-drag  ratios  and  the  best  results  were  of 
the  order  of  8,  Apparently  considerations  of  strength  and  stability 
and  the  desire  to  obtain  workable  craft  in  a  short  time  dictated  the 
course  of  design  and  required  compromise  which  resulted  in  relatively 
lew  values  of  L/C,  We  have  reviewed  no  evidence  which  indicates 
that  a  consistent  concerted  effort  has  been  made  in  the  past,  aimed 
at  the  attainment  of  maximum  L/D  at  moderate  speeds  as  a  prime  ob¬ 
jective. 

Hydrofoil  Graft  -  Summary  and  Conclusions 

The  particular  appeal  of  hydrofoil  craft  as  compared  to  conventional 
surface  displacement  craft  lies  in  their  lower  pesrer  requirements  at 
higher  speeds  and  in  their  greater  smoothness  of  operation  and  rela¬ 
tive  freedom  from  rolling  and  pitching  due  to  surface  disturbances . 

The  curve  of  power  required  for  a  displacement  or  planing  hull  in¬ 
creases  rapidly  with  increase  of  speed.  The  power  curve  of  the 
hydrofoil  craft,  on  the  other  hand,  reaches  a  peak  or  hump  value 
prior  to  the  time  the  weight  <£  the  craft  is  supported  dynamically 
on  the  foils  and  then  drops  appreciably  lower  than  the  curve  for 
an  equivalent  surface  craft  and  irises  again.  The  difference  be¬ 
tween  these  curves  represents  an  appreciable  saving  in  power  at 
higher  speeds  in  the  order  of  5$  or  greater  with  high  l/D  craft  <, 
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The  classic  criterion  of  efficiency  is  the  so -celled  Gliding  Co¬ 
efficient  which  is  defined  as  the  x’atio  R/D,  where  R  is  the  re¬ 
sistance  in  pounds  and  D  is  the  displacement  of  the  vessel  in 
pounds.  This  ratio  for  various,  vessels  of  various  sizes  and 
speeds  is  expressed  as  a  function  of  the  Froude  number  F  «  ~r^r' 
where  V  is  the  speed  of  the  vessel  in  feet  per  second  and  L  *9 
is  the  length  of  the  vessel  in  feet. 

Average  values  of  8/D  for  planing  craft  against  Froude  numbers 
have  been  plotted  by  Tietjens  and  for  various  types  of  craft  by 
J.  H.  Curry  and  are  included  in  the  Hydrodynamics  section  of  this 
report.  To  get  soa»  idea  of  how  the  various  types  of  craft  fit 
into  the  picture ,  consider  the  following: 


10-Ton  ?  Bottom  Boat  with  Length  -  33* 

Speed  in 

Froude 

Gliding 

Corresponding 

Knots 

Number 

Coefficient 

L/D  Req'd. 

10 

.519 

.085 

11.75 

20 

1.037 

.16$ 

6.06 

30 

1.557 

.222 

u.52 

100-Ton  P.T. 

Boat  with  Length  - 

■  100* 

Speed  in 

Froude 

Gliding 

Corresponding 

Knots 

Number 

Coefficient 

L/D  Req'd. 

20 

.595 

.095 

21.0 

30 

.892 

.130 

7.7 

50 

1.1*9 

.178 

5.6 

1898-Ton  Destroyer  with  Length 

-  33l*» 

Speed  in 

Froude 

Gliding 

Corrsspondir^ 

Knots 

Number 

Coefficient 

L/D  Req'd. 

30 

.1*83 

.062 

16.1 

UO 

.61*1* 

.092 

10.9 

13 » 790-Ton  Cargo  Ship  with  Length  -  1*27' 

Speed  in 

Froude 

Gliding 

Corresponding 

Knots 

Number 

Coefficient 

L/D  Req'd. 

Ik 

•202 

*00225 

1*43-0 
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The  familiar  lift-drag  ratio  or  L/D  which  is  the  reciprocal  of  the 
Gliding  Number  is  tha  measure  of  the  effectiveness  of  a  hydrofoil 
craft  once  its  weight  i3  complete  supported  on  its  foils.  A 
glance  at  the  last  column  of  the  above  table  3hows  the  values  of 
L/D  which  must  be  obtained  by  hydrofoil  craft  to  be  economically 
competitive  with  displacement  or  planing  vessels.  Small  hydrofoil 
vessels  are  superior  at  relatively  low  speeds,  but  large  vessels 
are  only  competitive  with  surface  craft  at  very  high  speeds. 

Due  to  strength  considerations  and  their  effect  on  the  geometry 
of  hydrofoils,  maximum  attainable  L/D  ratios  are  extremely  high 
at  low  speeds  and  gradually  decrease  with  increasing  speed  so 
that,  for  instance,  the  maximum  attainable  L/D  of  a  hydrofoil 
which  has  the  necessary  strength  to  withstand  the  forces  generated 
at  50  knots  is  somewhat  lower  than  the  maximum  attainable  L/D  at 
20  knots.  Tliis  is  illustrated  graphically  in  the  Hydrodynamics 
^action  of  this  report.  Thia  section  also  shows  that  l/D  de¬ 
creases  with  increases  of  unit  foil  loading. 

Another  limit  on  the  performance  of  hydrofoils  is  introduced  by 
cavitation,  which  reduces  the  lift  and  decreases  the  attainable 
L/D  of  hydrofoils o  The  speed  at  which  incipient  cavitation  may  be 
expected  to  occur  for  various  types  and  thicknesses  of  hydrofoil 
sections  is  shown  in  the  Hydrodynamics  Section  of  this  report.  In 
general,  cavitation-free  operation  requires  progressively  thinner 
sections  as  speed  is  increased.  Thinner  sections,  in  turn,  require 
smaller  spans  between  struts  for  structural  reasons  and  also  result 
in  lower  L/D  ratios® 

The  results  of  European  experience  as  exemplified  by  the  Sachsenberg 
Brothers  in  Germany  and  others  utilizing  foils  piercing  the  surface 
produced  l/D  ratios  in  the  order  of  8.  The  effort  to  attain  "built- 
in"  stability  in  a  simple  manner  and  performance  at  reasonably  high 
speeds,  coupled  with  strength  requirements,  were  probably  primarily 
responsible  for  these  results® 

Dr®  Vannevar  Bush  baa  suggested  the  possibility  that  considerably 
higher  values  of  l/O  would  probably  be  obtained  if  the  hydrofoils 
were  left  completely  submerged  during  all  operation  and  stability- 
obtained  by  automatic  action  of  movable  control  surfaces  actuated 
by  depth  sensing  mechanisms® 

In  the  Hydrodynamics  section  of  this  report  it  is  theoretically 
demonstrated  that  for  reasonable  speeds  and  foil  loadings, prior 
to  the  onset  of  cavitation,  appreciably  higher  values  of  L/D  may 
be  obtained  than  those  recorded  in  foreign  results.  It  is  recog- 


CONFIDENTIAL 


6. 


nized  that  fires  and  the  means  uaed  for  their  control  and  actuation 
will  reduce  the  attainable  L/D  somewhat  over  that  predicted  for  a 
solid  foil,  but  even  with  conservative  allowance  for  this  reduction 
it  is  anticipated  that  l/D  ratios  over  20  may  be  obtained  at  speeds 
in  the  neighborhood  of  35  knots  with  careful  design.  This  is  based 
on  conservative  assumptions  and  turbulent  flow.  Under  ideal  condi¬ 
tions  of  laminar  flow,  considerably  higher  values  might,  be  attained. 

The  problem  of  longitudinal  and  lateral  stability  by  the  use  of 
movable  control  surfaces  and  depth  and  motion  sensing  devices  has 
been  carefully  studied  and  a  system  has  been  designed  which  is  be¬ 
lieved  to  be  practicable  and  workable.  Theoretically  it  should 
produce  satisfactory  stability  and  control  under  rough  water  condi¬ 
tions.  The  system  utilizes  readily  obtainable  components  previously 
proved  out  in  auto-pilot  design*  It  is  believed  that  a  relatively 
straightforward  single  program  of  t os ting  can  demonstrate  the  adequacy 
of  the  system  and  all  of  its  components  prior  to  inatallati  on  in  an 
actual  vessel* 

A  small  self-propelled  test  craft  wsb  constructed  and  tested  to  de¬ 
termine  experimentally,  under  actual  operating  conditions,  the 
validity  of  the  data  developed  in  the  Hydrodynamics  section  of  this 
report  for  predicting  performance.  The  results  of  these  tests  are 
analyzed  in  detail  in  the  Performance  section  of  the  report  and  in¬ 
dicate  excellent  agreement  between  experimental  results  and  theoreti¬ 
cal  predictions.  Briefly,  the  craft  with  a  light  weight  of  35l 
pounds  successfully  lifted  four  people  for  a  gross  load  of  ll6l 
pounds.  The  maximal  L/D  developed  by  the  craft  as  a  whole  was  ap¬ 
proximately  12  and  it  obtained  a  maximum  speed  of  21*  miles  per  hour 
with  a  ten  horsepower  outboard  engine*  Analysis  of  the  performance 
results  indicates  that  an  l/D  of  over  22  was  obtained  from  the  main 
foil-strut  combination  alone.  The  oraft  operated  much  more  smoothly 
and  stably  in  rough  water  than  a  displacement  oraft  of  the  same  size 
and  weight. 

The  theoretical  and  experimental  evidence  developed  in  this  report 
indicates  -that  folly  submerged  foils  will  probably  develop  the 
highest  possible  l/D.  The  use  of  movable  control  eurfaoee  seems  to 
offer  the  possibility  of  saorifioing  the  least  hydrodynamic  per¬ 
formance  to  satisfy  stability  requirements  but  requires  the  utili¬ 
zation  of  mechanical  means  of  some  complexi  ty  to  obtain  automatic 
control  of  stability* 

It  was  demonstrated  that  l/D  ratios  of  a  higher  order  than  those 
recorded  in  European  reports  based  on  surface-piercing  foils  could 
be  obtained  by  utilizing  a  fully  submerged  main  foil  of  high  aspect 
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ratio  located  aft  o X  the  center  of  gravity  of  the  craft  support¬ 
ing  most  of  the  weight  of  the  vessel,  with  auxiliary  planing 
surfaces  forward  designed  to  provide  necessary  longitudinal  and 
lateral  stability  without  the  uae  of  mechanical  methods  of  control. 

Some  sacrifice  of  L/D  of  the  craft  was  made  in  the  attainment  of 
stability  and  it  is  probaole  that  less  sacrifice  of  performance 
for  stability  would  be  made  in  a  craft  with  movable  flaps  and  all 
foils  submsrged  than  with  auxiliary  planing  surfaces.  However,  it 
is  believed  that  a  careful  development  of  auxiliary  surfaces  will 
ultimately  result  in  very  satisfactory  values  of  I/D  and  the  con¬ 
figuration  with  fixed  main  foil  and  surfaces  is  well  worth  further 
investigation. 

The  problem  of  propulsion  for  hydrofoil  craft  offers  a  field  for  a 
considerable  amount  of  future  investigation.  The  necessity  of  pro¬ 
viding  adequate  thrust  at  relatively  low  forward  speeds  to  get  over 
the  "hump"  in  the  resistance  curve,  together  with  reasonable  pro¬ 
peller  efficiency  at  relatively  high  speeds,  poses  a  difficult 
problem  for  a  standard  marine  power  plant  and  fixed  pitch  propeller. 

The  use  of  oantrollable  pitch  propellers  would  undoubtedly  help. 

Also,  the  necessity  of  mounting  the  propeller  at  seme  distance  below 
the  hull  introduces  complications  in  the  intermediate  drive,  which 
is  only  partly  answered  by  right  angle  gear  transitions  and  inclined 
drive  shafts.  Other  types  of  propulsion  should  be  investigated.  It 
ie*  to  bet  expected  that  oome  of  the  gains  made  in  hydrodynamic  effi¬ 
ciency  will  be  offset  by  losses  in  propulsive  efficiency  of  marine 
propellers  aa  craft  speeds  become  very  high.  In  the  propulsion 
section  of  this  report,  a  theoretical  investigation  points  out  the 
possibility  of  increasing  propulsive  efficiency  at  high  speeds  by 
the  reduction  of  cavitation  effects  through  the  use  of  shrouds.  It 
is  believed  that  the  development  of  marine  propulsion  at  high  speeds 
should  be  carried  on  simultaneously  with  the  development  of  hydro¬ 
foil  craft. 

The  proper  selection  of  materials  for  the  construction  of  foils  and 
struts  proved  to  be  a  major  problem  in  the  German  work.  High  strength 
steels  were  used  extensively,  but  corrosion  and  erosion  proved  very 
serious.  In  an  attempt  to  solve  this  problem,  the  Germans  tried  to 
protect  the  surface  by  numerous  methods,  including  plating,  painting 
and  covering  the  surfaoe  with  plastics  and  vulcanised  rubber.  At  the 
time  their  work  was  discontinued,  none  of  these  methods  had  apparently 
proven  completely  satisfactory.  It  is  believed  that  research  along 
these  lines  is  very  necessary  in  hydrofoil  craft.  There  seems  to  be 
some  hope  In  the  use  of  fibreglaa  plastic  for  this  purpose  because  of 
its  resistance  to  both  corrosion  and  marine  growths,  and  it  is  our 
opinion  that  a  steel  core  wrapped  with  fibreglaa  may  offer  possibi¬ 
lities. 

Although  there  are  *any  new  problems  introduced  In  the  design,  construc¬ 
tion  and  operation  of  practical  hydrofoil  craft,  all  seem  capable  of 
solution  by  research  and  experiment  and  the  ultimate  possibilities  of 
high  econony  coupled  with  desirable  military  characteristics  appear  to 
justify  continued  and  expanded  efforts  in  this  field. 
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DESIGN  CHARTS 


Baaed  upon  the  general  methods  of  configuration  studies  outlined 
in  the  Hydrodynamics  section  of  this  report,  preliminary  Design 
Charts  are  presented  to  indicate  the  order  of  magnitude  of  at¬ 
tainable  (L/D)  ratios  which  can  reasonably  be  expected  of  hydro¬ 
foil  craft  which  have  high  (L/D),  rather  than  high  speed,  as  their 
governing  design  consideration.  The  geometries,  power  requirements, 
performance  and  operating  conditions  necessary  to  the  attainment  of 
high  (L/D)  are  indicated  as  well  as  the  effects  of  variations  of 
the  principal  design  parameters. 

Determination  of  maxi sum  (L/D)  and  definition  of  the  optimum  con¬ 
figurations  corresponding  to  such  maximum  Involves  a  procedure  in 
which  both  hydrodynamic  and  structural  requirements  are  simultan¬ 
eously  satisfied.  It  is  of  course  necessary,  in  the  conduct  of 
such  studies,  to  make  certain  assumptions,  predictions,  and  esti¬ 
mates  of  the  relationships  among  the  numerous  parameters.  Those 
made  in  the  present  studies  are  considered  to  represent  a  realistic 
estimate  of  attainment  which  can  be  realised  with  good,  but  not 
unreasonable,  manufacturing  technique.  It  is  hoped  that  the  re¬ 
sults  presented  will  prove  useful  in  the  evaluation  of  the  poten¬ 
tialities  of  hydrofoil  craft  and  will  form  a  foundation  upon  which 
more  refined  studies  can  be  based. 

The  general  assumptions  are  discussed  in  some  detail  in  the  sec¬ 
tions  of  this  report  dealing  with  Hydrodynamics  and  Structures. 

Some  of  the  more  essential  ones  are  repeated  here.  It  is,  of 
course,  possible  that  somewhat  higher  values  of  (L/D)  could  be 
estimated  by  the  use  of  more  optimistic  basic  assumptions.  Where 
uncertainties  exist,  however,  the  present  studies  were  based  upon 
conservative  estimates,  and  are  therefore  considered  to  be  quite 
realistic. 

The  primary  basic  assumptions  are : 

1.  Foil  and  strut  sections  are  assumed  to  be  solid,,  symmetrical 
sections.  Some  drag  improvements  can  doubtless  be  realized, 

in  certain  cases,  by  the  use  of  cambered  foils,  and  fabricated 
sections  can  doubtless  be  used  to  advantage  on  large  craft.  De¬ 
tailed  consideration  of  these  effects,  however  is  considered  beyond 
the  scope  of  this  preliminary  report. 

2.  Strut  slenderness  ratio,  limited  by  buckling  considerations,  is 
assused  no  greater  than  120.  The  use  of  tapered  or  stepped 
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struts  ore  contemplated  as  means  of  decreasing  strut  thickness  or 
increasing  length.  The  present  studies  assume  that  average  strut 
requirenents  are  adequately  considered  by  the  general  assumptions 
that  foil  and  strut  chords  are  equal,  and  that  strut  length  is 
one-fifth  the  foil  span. 

3.  Foil  depth  of  submergence  is  assumed  to  be  one-tenth  ita  span0 
Particular  design  studies  should  of  course  include  depth  of 
submersion  as  a  design  variable.  The  value  used  in  these  studies, 
however,  is  considered  to  represent  a  fair  estimate  of  the  proper 
depth  compatible  with  permissible  roll  angles,  freedom  from  cavi¬ 
tation,  and  minimum  strut  drag. 

I*.  The  design  load  is  assumed  to  be  carried  by  a  single,  entirely 
submerged  main  foil,  with  control  and  stabilisation  provided  by 
movable  surfacee  on  the  foil  and,  ae  necessary,  completely  submerged 
auxiliary  foils.  Such  a  configuration  is  considered  to  permit 
higher  values  of  (V^)  than  does  that  which  utilizes  oblique  foils 
which  pierce  the  water  surface. 

5.  The  main  foil  planfora  is  assumed  to  be  rectangular,  of  con¬ 
stant  thickness.  The  effect  of  planfora  taper  is  indicated  for 

the  particular  case  of  the  single-strut  configuration  and  is  dis¬ 
cussed  in  more  detail  in  the  Hydrodynamics  section  of  this  report. 

It  is  assumed  that  taper,  particularly  of  the  outer  foil  panels,  in 
the  case  of  multi -strut  configurations  is  a  design  refinement  which 
will  be  applied  to  particular  designs  as  permissible. 

6.  It  is  understood  that  tests  of  a  most  promising  type  of  end- 
plate  are  in  progress  as  this  report  is  being  prepared,  and  it 

is  considered  likely  that  same  improvement  of  (L/D)  will  accrue  from 
the  use  of  endplatee  of  this  type.  No  attempt  is  made  in  the  present 
studies,  however,  to  include  the  effects  of  such  devices  upon  maximum 
'■(L/D). 


7*  Hi^h-strength  (150,000  psi)  steel  is  assumed  as  the  material  of 
construction  of  foils  and  struts.  Design  safety  factor  is  as¬ 
sumed  to  be  2,0,  and  dynamic  load  factor  is  assumed  to  be  no  greater 
than  2.0,  The  effect#  of  using  lower  strength  materials  are  indicates 
for  the  particular  caaes  of  mild  steel  (50,000  psi)  and  laminated 
fibreglas  (1*0,000  psi).  Design  working  stresses,  based  upon  static 
loads,  are  therefore  37,500  for  high-strength  steel}  12,500  for  mild 
steel}  and  10,000  for  fibreglas. 


More  detailed  discussion  of  the  variations  of  ths  major  design  para¬ 
meters  is  presented  in  the  following  pages. 
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Chart  A  -  VARIATION  OF  MAXIMUM  (L/D)  AND  REQUIRED  POWER  WITH 
DESIGN  SPEED 


The  effects  of  design  speed  upon  maximum  attainable  (L/D)  and 
corresponding  required  horsepower  are  indicated,  for  varying 
numbers  of  struts.  Of  particular  significance,  to  the  general 
subject  of  hydrofoil  craft  is  the  decrease  of  attainable  (L/D), 
and  increase  of  required  power,  with  increasing  design  speed. 
This  is,  primarily,  affected  by  permissible  foil  loading.  Low 
design  speeds  correspond  to  low  foil  loading,  hence  high  aspect 
ratio  and  low  foil  and  strut  thicknesses,  which  in  turn  permit 
high  values  of  (L/D).  Conversely,  high  speeds  correspond  to 
high  foil  loading,  low  aspect  ratio,  greater  thicknesses,  and 
lower  attainable  values  of  (L/D) •  *his  is  of  course  a  familiar 
picture  to  aircraft  designers. 


Of  almost  equal  importance  is  the  indicated  effect  of  the  number 
of  struts  upon  attainable  values  of  (L/D) .  As  the  number  of 
struts  is  increased,  it  can  be  expected  that  aspect  ratio  in¬ 
creases,  or  foil  thickness  decreases,  permitting  drag  reductions 
which,  in  turn,  result  in  higher  values  of  (L/D).  The  trend  does 
not,  however,  continue  indefinitely,  since  the  addition  of  struts 
is  accompanied  by  increased  strut  parasite  drag.  A  point  is 
reached  at  which  the  addition  of  strut  drag  outweighs  the  ad¬ 
vantages  gained  through  reduction  of  foil  drag,  and  the  net  (L/D) 
is  reduced. 


Chart  B  -  OPTIMUM  GEOMETRY  FOR  MAXIMUM  (L/D) 

Combinations  of  foil  loading,  design  speed,  foil  thickness,  and 
strut  thickness  required  for  attainment  of  maximum  (L/D)  are 
indicated.  Optimization  of  the  geometry  is  affected  as  outlined 
in  the  Hydrodynamic  Section  of  this  report.  It  is  to  be  noted 
that  the  indicated  variations  of  the  geometrical  parameters  with 
foil  loading  are  dictated  primarily  by  structural  considerations, 
with  design  speeds  and  (L/D)  based  upon  hydrodynamic  evaluations 
of  the  performance  of  structurally  acceptable  configurations. 


Chart  C  -  VARIATION  OF  (l/D)  fllTH  QPERATIHO  SPEED 


Of  particular  significance  to  studies  of  hydrofoil  craft  is  the 
variation  of  (L/D)  with  speed,  as  the  operating  speed  differs 
from  that  corresponding  to  maximum  (L/D)  conditions.  Serious 
consideration  should  be  accorded  this  variation  in  the  evaluation 
of  particular  craft.  As  indicated  by  the  Chart,  whereas  high 
values  of  (L/C)  ere  attainable  with  combinations  of  low  speed 
and  low  foil  loading,  the  (l/D)  deteriorates  rapidly  with  in* 
creasing  speed  and  becomes  considerably  lower  than  the  value  at¬ 
tainable  with  a  higher  foil  loading  configuration  which  may  have 
a  relatively  lower  peak  value  of  maximum  possible  (L/D)» 

It  is  immediately  apparent  that  maximum  (L/D),  alone,  is  not  of 
itself  sufficient  basis  for  the  realistic  evaluation  of  the  merit 
of  a  hydrofoil  craft.  The  speed  range  through  which  operation  of 
the  craft  is  to  be  expected  becomes  equally  important c  Thus, 
considering  the  three-strut  configuration  as  an  example,  whereas 
a  maximum  (L/D)  of  about  35  is  attainable  with  a  foil  loading  of 
0.1  tone  per  square  foot  (221*.  pounds)  at  ten  knots,  the  (L/D) 
attainable  with  the  same  loading  is  only  about  1U  at  25  knots. 
More  economical  operation  over  this  entire  speed  range  could  be 
obtained  with  a  big-W  foil  loading  which,  although  its  maximum 
(I/D)  would  be  loirer,  would  have  a  higher  average  value.  A 
craft  with  a  foil  loading  of  0.3  tons  per  square  foot,  for  ex¬ 
ample,  would  show  an  (L/D)  of  25  at  25  knots,  with  a  peak  value 
of  29  at  19  knots.  The  similarity  to  aircraft  performance  is 
readily  apparent.  The  reasons  for  this  variation  of  (L/D)  with 
operating  speed  are  discussed  in  the  Hydrodynamic  Section  of  this 
report. 


Chart  D  -  VARIATION  OF  REQUIRED  POWER  AITH  QPERATIHO  SPSSD 

Variations  of  power  requirements  as  speed  differs  from  that  cor¬ 
responding  to  mexlaua  (L/D)  are  indicated,  a a  based  upon  the  (l/D) 
variations  of  Chart  C.  Here,  again,  it  is  readily  apparent  that 
(L/D)  alone  does  not  constitute  sufficing  basis  upon  which  to 
evaluate  the  merit  of  a  hydrofoil  craft.  It  is  also  apparent  that, 
as  in  the  caae  of  aircraft,  high  speed  and  maximum  possible  (l/D) 
are  not  compatible  requirements. 
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Chart  E  -  REDUCTION  OF  ATTAINABLE  (L/D)  DUE  TO  DEVIATIONS  OF 
MAJOR  BUUUETERS  FROM  OPTIMUM  VALUES _ 


The  effects  of  variations  from  optimum  values  of  speed  and  the 
major  geometrical  parameters  are  .indicated.  The  effect  of  speed, 
reflected  in  Charts  0  and  D,  is  seen  to  be  of  considerable  magni¬ 
tude.  It  is  seen  that,  in  the  interest  of  economy,  a  craft  de¬ 
signed  for  the  attainment  of  maximum  possible  (L/D)  should  operate 
at  speeds  near  that  for  such  attainment. 

The  effects  of  the  geometrical  parameters  appear,  at  first  glanoe, 
to  be  relatively  minor.  -Thus,  a  twenty  percent  error  in  aspect 
ratio  is  seen  to  result  in  only  a  ten  percent  loss  in  attainable 
(L/D) .  It  should  be  noted,  however,  that  when  high  (l/D)  is  the 
primary  consideration,  as  is  the  case  in  the  present  studies,  the 
apparently  great  margin  of  error  permissible  in  each  of  the  major 
parameters  should  not  be  construed  as  justification  for  laxity  in 
maintenance  of  the  proper  values.  If  lamer  (L/D)  values  are  to  be 
considered  acceptable,  economy  would  dictate  simplification  of  de¬ 
sign,  rather  than  ths  lowering  of  design  standards.  Thus,  if  a 
ten  percent  reduction  of  maximum  (L/D)  is  accsptahle  with  a  four- 
strut  craft,  for  example.  Chart  A  indicates  that  it  would  be  more 
judicious  to  concentrate  efforts  on  a  simpler  two-strut  craft. 

A  more  detailed  treatment  of  the  effects  of  deviations  of  tbs  major 
design  parameters  is  given  in  the  Hydrodynamic  Section  of  this  report. 


Chart  F  -  INFLUENCE  OF  MATERIALS  OF  CONSTRUCTION  UPON  MAXIMUM  UJV) 

As  indicated  in  the  general  introduction  to  this  section,  high- 
strength  steel  is  assumed  as  the  material  of  construction  in  the 
analyses  upon  which  Charts  A  through  E  are  based.  It  is  of  in¬ 
terest  to  determine  the  reduction  of  attainable  (l/D)  which  re¬ 
sults  from  the  use  of  lower  stress,  or  less  critical,  materials. 
Mild  steel  and  laminated  fibre glaa  are  chosen  as  materials  of 
interest.  Mild  steel  is  chosen  for  its  obvious  advantage  with 
regard  to  availability,  while  glass  is  chosen  for  its  light  weight, 
resistance  to  corrosion,  relative  ease  of  fabrication,  low  cost, 
and  reasonably  good  strength  characteristics.  The  four-strut  con¬ 
figuration  is  used  as  ths  basis  for  comparison,  although  the 
reductions,  in  perceatags,  can  be  expected  to  apply  to  the  other 
cases. 
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HYDRODYNAMICS 


A  study  of  the  hydrodyn&miog  of  hydrofoil  oraft  involves  a 
combination";  of  the  philosophies  of  both  Naval  Arohiteoture  and 
Aeronautical  Engineering.  Although  it  is  not  considered 
within  the  -so ope  of  the  present  studies  to  attempt  to  famil¬ 
iarise  either  group  with  all  of  the  terminologies  and  methods 
of  approaoh  used  by  the  other,  some  explanation  is  considered 
necessary  to  the  purposes  of  this  report.  It  is  suggested 
that  more  detailed  consideration  oan  be  obtained  from  any  of 
the  standard  texts  pertaining  to  either  subject. 

The  naval  arohiteot  usually  regard*  lift,  or  supporting  force, 
as  being  a  function  of  bouyanoy  due  to  displacement  of  a  volume 
of  water,  dynaaio  foroea  due  to  planing  of  a  body  upon  the 
water  surface,  or  a  combination  of  both.  Early  efforts  to 
derive  theories  of  flight  atteapfcod  to  apply  the  some  theories 
to  lift  in  air.  The  lightar-than-air  craft,  such  as  the 
dirigible  or  balloon,  is  of  course  a  direot  application  of 
the  bouyanoy  familiar  to  the  naval  arohiteot. 

The  most  logical  theory  of  lift  of  heavier-than-air  oraft, 
upon  whioh  modern  aerodynamic  theory  is  based,  attributes  the 
attainment  of  lift  to  the  effeot  of  superposition  of  a  cir¬ 
culatory  flow  upon  the  free-stream  fleer  around  a  body  moving 
through  a  fluid.  A  resultant  foroe  is  generated  whioh  may  be 
resolved  into  forces  parallel  and  normal  to  the  general  dir¬ 
ection  of  movement.  The  normal  foroe  is  designated  "Lift" 
and  the  parallel  foroe  "Drag".  It  is  interesting  to  note  that 
the  "planing  foroe"  of  naval  architecture  is  but  a  special 
oase  of  oiroulatory  lift,  in  whioh  the  medium  is  discontinuous 
at  the  -water  surface. 

The  lift  foroes  upon  a  oomplete  hydrofoil  oraft  oan  thus  be 
seen  to  comprise  a  combination  of  the  lifts  of  both  naval 
arohiteoture  and  aerodynamics.  At  rest  the  oraft  is  supported 
entirely  by  bouyanoy.  As  forward  motion  is  imparted  to  the 
oraft,  the  hydrofoils  develop  hydrodynamic  lift,  reducing  the 
portion  of  support  whioh  must  be  contributed  by  the  bull,  which 
portion  gay  include  planit^j  lift  as  speed  is  iu?? eased: 

Then,  when  tho  speed  is  great  enough  to  permit  the  foils  to 
support  the  entire  -weight  of  the  oraft,  the  hull  lift  is 
reduced  to  xero  and  the  oraft  is  running,  or  more  properly 
"flying",  on  its  foils.  It  is  thus  seen  that  the  lift  of  a 
hydrofoil  oraft  embrace*  both  the  naval  arohitoct’s  and  the 
aerodynamic ist’s  concept#  of  supporting  force,  involving  a 
smooth  transition  from  one  to  the  other. 
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The  naval  arohiteot  oonaidars  drag,  usually  demoted  "resistance", 
to  be  composed  of  Frictional  Resistance,  Eddy  Haaiatanoa,  and 
Wave  Resistance.  Friotional  Resistance  arises  from  tha  friot- 
ional  foroes  generated  as  a  body  ia  moved  through  the  water, 
and  ia  dependent  upon  tha  Reynolds  Number  of  fleer,  Eddy 
Resistance  arises  from  the  oreation  of  eddies,  vortioos,  or 
turbulence,  and  depends  upon  the  shape  of  the  body.  Ware 
Resistance  arises  from  the  oreation  and  propagation  of  surface 
waves  as  the  body  is  moved  through  the  water.  A  great  wealth 
of  both  theoretioal  and  experimental  information  is  available 
regarding  these  various  types  of  ship  resistance. 

Drag  in  aerodynamic  theory  is,  as  In  naval  architecture,  the 
resistance  of  a  body  to  motion  through  a  fluid.  It  consists  of 
a  combination  of  Parasite  Drag  and  Drag  Due  to  Lift.  Parasite 
Drag  includes  that  portion  of  the  total  drag  which  ia  !:•  dependent 
of  the  creation  of  lift,  whereas  Drag  Due  to  Lift  consists  of 
that  portion  whioh  vanishes  when  tho  flow  is  suoh  -that  there  ia 
no  lift. 


Parasite  Drag  ia  usually,  for  the  sake  of  convenience,  considered 
to  consist  of  two  principal  components .  That  portion  which  is 
chargeable  only  to  the  lift-producing  wing  or  foil  ia  denoted 
Profile  Drag,  where aa  that  associated  with  non-lifting  components 
of  the  craft  is  denoted  Pure  Parasite  Drag.  Both  are  composed 
of  Friction  Drag  and  Form  Drag,  whioh  are  directly  an&lagoua  to 
the  Friction  Resistance  and  Bddy  Resistance  of  the  naval  arohiteot. 


Drag  Due  to  Lift  also  consists  of  two  principal  components, 

Tha  force  parallel  to  the  general  direction  of  flow  whioh  arises 
from  circulation  about  the  body  is  denoted  Induced  Drag.  It  is 
merely  the  drag  component  of  the  total  force  whioh  results  from 
circulation.  The  other  component  whioh  is  usually  associated 
with  lift,  although  it  is  actually  a  parasite  drag  analogous 
to  Eddy  Resistance,  ia  that  whioh  arises  as  a  body  is  operated 
at  an  "angle  of  attack0  to  the  general  direction  of  fleer.  It 
vanish os  as  the  angle  of  attack  approaches  aero.  Sinoo  lift 
also  varies  with  angle  of  attack,  it  is  usually  convenient  to 
charge  to  lift  that  portion  of  parasit©  drag  which  depends  upon 
angle  of  attack. 
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Basistanoe,«Profile  Drag,  and  Pure  Parasite  Drag  are  concerned, 
the  naval  arphltset  tcad  aerodynwsioist  ore  on  cornea  ground. 

Tho  aerotfynanioist  usually  coabinos  his  frictional  and  fora 
drags  into  a  single  function,  merely  for  convenience,  vfeeraa 
tho  naval  arohiteot  regards  them  aa  separate  items.  Since  in 
either  ease  reliance  upon  experimental  data  is  necessary,  it 
would  appear  to  wake  little  difference  which  method  is  used$ 
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The  conoepta  of  Wave  Resistance  and  Induced  Drag,  however,  would 
appear  to  be  the  primary  subjeots  in  which  there  is  some  diff¬ 
erence  of  philosophy  between  the  naval  arohiteot  and  aerodynam- 
ioiat.  The  naval  arohiteot,  in  order  to  properly  oonaider  the 
performance  of  hydrofoil  craft,  must  add  Induoed  Drag  to  his 
usual  oonoeptg  of  resistance,  and  the  s.erodynamioist  mist  add 
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rever,  to  either 


The  present  report  approaches  the  hydrofoil  problem  from  the 
aerocfynsmioist's  viewpoint,  with  appropriate  additions  to  his 
usual  theories  to  account  for  the  differences  herein  disoussed. 
Wherever  possible,  notation  is  defined  as  it  is  introduced. 

For  convenience,  however,  a  separate  table  of  notation  ii\  this, 
thv*  "Hydrodynamics"  section  of  the  general  report,  is  included, 
although  it  should  be  noted  that  -the  notation  is  intended  to 
apply  only  to  this  seotion  and  may  contain  some  duplication  of 
terms  used  in  the  other  sections. 


The  method  of  approach  employed  in  the  present  studies  attempts, 
first,  to  derive  expressions  for  the  various  drags  associated 
with  hydrofoil  o rafts  second,  to  outline  methods  of  analysis 
of  hydrofoil  craft  performance j  and  third,  to  indioate  the 
prooesses  by  which  it  is  possible  to  approximate  the  geometry- 
required  for  the  attainment  of  raaxlxarm  lift  to  drag  ratio 
without  requiring  tedious  trial -and-error  studies  of  a  great 
many  specific  configurations, 

BASIC  LIFT  ARD  DRAG  OF  HYDROFOIL  SYSTEMS 


Of  considerable  iaqaortanoe  to  the  study  of  hydrofoils  is  their 
marked  similarity  to  airfoils  as  usually  considered  in  in¬ 
compressible  flow  aerodynamic  theory.  This  similarity  is 
first  noted  in  studies  of  drag  due  to  skin  friotion,  then  in 
both  theoretical  and  experimental  studies  of  the  lift  sad  drag 
characteristics  of  foils  operating  both  in  watsr  and  in  air. 
Frees  a  theoretical  standpoint ,  this  similarity  is  of  coarse 
not  at  all  surprising.  It  is  ooafbrting  to  note,  however, 
that  the  theory  consistently  receives  substantial  experimental 
verification.  It  is  therefore  possible  to  approach  the 
problem  of  hydrofoil  design  with  much  the  same  philosophy 
Usually  applied  vO  airfoil  unil^u. 

Throughout  the  analyses  presented  here  -the  usual  aerodynamic 
assumptions  of  incompressible  flow  theory  are  made  with  regard 
to  coefficients,  lift  and  drag,  lift  ourve  slope,  eto.  It  is 
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assumed,  farther,  that  these  assumptions  remain  valid  up  to 
oritioal  cavitation  speeds.  It  is  shown  that  here,  again, 
the  similarity  to  aerodynamic  theory  is  manifested  by  the 
analogy  between  oritioal  cavitation  speed  in  water  and  oritioal 
llach  Number  in  air.  No  attempt  is  made  to  predict  the  changes 
which  take  plane  at  speeds  above  those  for  commencement  of 
cavitation,  this  portion  of  the  general  subject  of  hydrofoil 
design  being  considered  of  sufficient  importance  to  warrant 
considerable  fttrther  investigation  as  a  separate  study. 

Expressions  are  developed  for  friction  drag,  profile  drag, 
parasite  drag,  and  induced  drag  of  the  foils  and  struts  of  a 
hydrofoil  craft,  and  for  hill  drag.  It  should  be  noted, 
however  y  that  since  the  aero dynamio 1st  usually  includes 
friction  drag  in  his  oonoepts  of  profile  and  parasite  drags, 
the  expression  for  skin  friotion  is  not  used  directly  in  the 
general  studies.  It  is  inoluded  primarily  to  illustrate  the 
similarities  b  etween  the  philosophies  of  naval  architects  and 
aerodynamioists.  It  is,  therefore,  tacitly  assumed  in  the 
studies  that  variations  of  Reynolds  Numbers  are  suoh  that  the 
expressions  developed  for  profile  and  parasite  drags  are  of 
suffioient  reliability  for  the  purposes  of  these  general  studies. 
More  exaot  studies  should  of  course  include  detailed  consideration 
of  skin  friotion  as  a  separate  item. 

Standard  aerodynamic  praotloes  are  used  with  regard  to  the  use 
of  coefficients,  to  a  greater  extent  than  is  usually  the  case 
with  naval  architects.  Lift  and  drag  are  expressed  in  terms 
of  standard  aerodtynamio  coefficients,  as  follows: 

lift  L  =  Cls£v2  =CuS1 

Drag  D  «  OftS  *  C*S^ 

(  L  )  is  Lift 

(  D  )  is  Drag 

( Cu)  Coefficient 

(Cj>)  is  Drag  Coefficient 

(  5  )  is  Area  of  the  surface  under  consider¬ 
ation,  projeoted  upon  the  plane 
parallel  to  the  direction  of  flow. 

( )  is  fluid  density 

(V)  is  forward  speed 

(  ^ )  is  Dynamic  Pressure 


PERFORMANCE  OF  HYDROFOIL  CRAFT 


Methods  of  analysis  of  performance  of  hydrofoil  craft  aro 
indicated,  for  the  conditions  after  take-off  from  the  water. 

The  flow  is  assumed  incompressible,  and  speeds  are  assumed  to 
remain  below  critical  oavitation  speeds. 

Conditions  nooessary  to  the  attainment  of  maximum  (L/d)  are 
defined,  and  expressions  are  developed  for  variations  of  (L/d) 
with  spoed. 

Power  requirements  for  hydrofoil  oraft,  in  the  "flying  range", 
are  defined.  The  speed  for  minimum  power  required  to  maintain 
the  craft  foilborne  is  defined,  as  are  the  speeds  for  maximum 
endurance  and  maximum  range. 


CONFIGURATION  STUDIES 

Recognizing  the  impracticability  of  attempting  a  study  of  all 
phases  of  the  hydrofoil  problem  with  the  time  available,  and 
in  an  effort  to  derive  some  practically  useful  conclusions,  the 
studies  presented  herein  are  confined  for  the  most  part  to 
determination  of  the  applicability  of  hydrofoils  to  the  design 
of  load-carrying  craft  which  oan  demonstrate  acceptable  lift  to 
drag  ratios  at  speeds  below  critical  cavitation  speeds.  The 
stuc(y  is  not,  therefore,  intended  to  serve  as  a  guide  to  the 
design  of  high  speed,  rather  than  high  (L/d),  craft.  An 
understanding  of  the  philosophy  of  design  for  high  load-carrying 
oapacity  should,  however,  indicate  the  nature  of  modifications 
which  may  be  neoessary  to  the  attainment  of  high  spoed. 

The  study  is  based  upon  the  basic  assumption  that  the  main 
lifting  system  of  the  hydrofoil  craft  consists  of  a  single  foil, 
with  struts  extending  vertically  upward  through  the  water  eurfaoe 
to  the  hull.  The  geometry  of  the  single  foil  required  for  the 
attainment  of  maximum  (L/b)  is  defined,  for  various  conditions 
of  loading,  speed,  number  of  struts,  etc.  Throughout  the  study, 
the  foil  is  arbitrarily  assumed  to  have  a  depth  of  submergence 
equal  to  one-tenth  its  span.  This  assumption,  although  admittedly 
arbitrary,  is  considered  to  be  entirely  reasonable,  based  upon 
what  would  appeal'  to  be  about  the  minimum  angle  of  roll  through 
which  a  oraft  could  be  expaoted  to  roll  vfithout  having  its  foil 
tips  break  water.  The  effects  upon  performance  of  deviations 
in  foil  or  strut  geometry  from  optimum  values  are  indicated. 
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Although  the  general  study  is  based  upon  the  assumption  of  a 
single  foil  as  the  main  lifting  system  of  the  hydrofoil  craft, 
a  brief  analysis  of  tandem  configurations  is  presented.  It 
is  shown  that  approximately  equal  performance  should  be 
attained  with  either  type  of  configuration,  and  that  consider¬ 
ations  other  than  performance  should  probably  dictate  a  deoision 
between  the  use  of  a  single  foil  or  tandem  arrangement, 

A  brief  analysis  of  the  performance  1osb63  which  might  be 
associated  with  control  and  stabilisation  of  hydrofoil  craft  iB 
presented.  It  is  deduced  that  such  losses,  assuming  that 
control  mechanisms  are  designed  to  add  minimum  drag,  Bhould  be 
of  a  seoond  order. 


CAVITATION  CONSIDERATIONS 

Although  no  attempt  is  made  to  present  a  rigorous  treatment  of 
the  subject  of  cavitation,  some  remarks  concerning  this  phen¬ 
omenon  are  inoluded.  It  is  shown  that  predictions  of  the 
cavitation  characteristics  of  a  hydrofoil  can  be  greatly 
facilitated  by  analogy  to  the  orltical  liaoh  Number  characteristics 
familiar  to  aerodynamic  theory. 
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NOTATION 


The  following  px‘incipal  notations  are  vuo&  throughout  the 
Hydrodynaiuio8  Sootion.  Whore  others  are  used,  they  are 
defined  as  presented. 


Symbol 

Definition 

See  Page 

<rt  ) 

Aspoirb  Ratio 

7 

(b  ) 

Foil  Span 

7 

Foil  and  Strut  Chords 

22 

(qp) 

Skin  Friotion  Coefficient 

4 

(Cpj 

Profile  Drag  Coefficient 

6 

Section  Zero-Lift  Drag  Coeff. 

6 

(Cbj) 

Induced  Drag  Coefficient 

7 

«**) 

Strut  Drag  Coefficient 

9 

(Cl) 

Total  Drag  Coefficient 

li+ 

(C»p) 

Total  Parasite  Drag  Coefficient 

lit. 

(Q»l) 

Total  Drag  Due  To  Lift  Coeff. 

lit- 

(CL) 

Lift  Coefficient 

d 

(C?) 

Pressure  Coefficient 

47 

(%) 

Friction  Drag 

5 

(Dh) 

Bill  Drag  N 

'  11  ■ 

U>P) 

Parasite  Drag 

14 

(3)J 

Drag  Due  To  Lift 

14 

(*£> 

Induced  Drag 

54 

(D  ) 

Total  Drag 

14 

(Et) 

Tangent  Modulus  of  Elasticity 

22 

See 


Symbol 

Definition 

Page 

(Ff,  ?s  ) 

Foil  and  Strut  Design  Safety  Factors 

22 

(  hO 

Foil  Depth  of  Submersion 

8 

CKO 

Induced  Drag  Parameter 

0 

V 

(-fc) 

Total  Drag  Due  to  Lift  Parameter  (Kt+.w>5) 

(L  ) 

Lift 

d 

(is) 

Strut  Length 

22 

(M) 

^ach  Number  in  Air 

hi 

{m0) 

Infinite  Aspect  Ratio  Lift  Curve  Slope 

12 

(Kl) 

Number  of  Struts 

9 

(K») 

Design  Load  Factor 

22 

(P) 

Power 

17 

(|p  ) 

Local  Static  Pressure 

h2 

(*V) 

Vapor  Pressure 

h2 

(t>o) 

Free-Stream  Static  Pressure 

li3 

(a.) 

Dynamic  Pressure 

d 

(fti) 

Reynolds  Number 

h 

(&) 

Strut  Load  Distribution  Factor 

22 

$$> 

Foil  and  Strut  Projected  Areas 

d,9 

(t  ) 

Thickness  Ratio  (thickness/chord) 

6 

(V) 

Forward  Speed 

d 

<Vw) 

Take-Off  Speed 

11 

(Vo) 

Speed  for  Maximum  (l/d) 

16 

(Vcr) 

Critical  Cavitation  Speed 

hi 

(W) 

Gross  Weight  in  Pounds 

16 
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Symbol 

Definition 

See 

£22® 

*£> 

Induction  Planfom  Parameters 

7,  13 

(4) 

Interface  Reflection  Parameter 

7 

(  fe) 

Cavitation  Number 

U2 

(W 

Location  Cavitation  Number 

hh 

( 5*s ) 

Section  Cavitation  Number 

bh 

(60  ) 

Dcwnwash  Velocity- 

y? 

(A) 

Total  Displacement  in  Tons 

16 

(37> 

Lift  Curve  Slope 

12 

«rA) 

Ultimate  Stress 

22 

(T|D 

Ratio  of  (I/D)  to  Maximum  (L/D) 

27 

Additional  arbitrary  constants  are  introduced  and  defined  on 
the  following  pages: 


Symbol 

Page 

(A ) 

23 

(ft) 

23 

(3) 

23 

( H) 

23 

(K) 

22 

<*> 

23 

(&) 

23 

( vw) 

22 

BASIC  LIFT  AMD  DlcAG  OF  HYDROFOIL  .V/SThiS 


Skin  Friction  Drag 

It  is  interesting  to  note  the  aicilarity  between  ohe  skin  fric~ 
tion  drag  expressions  postulated  by  Friedrich  Gcbors  in  1916 
(ref,  1)  and  von  ftarman  in  19pu  (ref.  2  and  3)»  whereas  Gebers1 
equation  is  'cased  upon  experimental  work  in  a  towing  tank, 
Karman's  expression  v/as  derived  theoretically  (or  turbulent 
flow.  Both  expressions  appear  to  closely  verify  oho  results 
obtained  experimentally  by  william  Froude  (lfl'/U} ,  R.  S.  Fronds 
(1888),  andC,  Tideman  (1900), 

The  two  expressions  for  turbulent  skin  friction  drag  coefficient 
are: 


(1)  Gebers  C/.  r  o  .02.056  -Rq 

(2)  Karraan  log(0  %}  «  O.Zkl  Cf4 


In  both  equations  the  tom  (!&*)  denotes  the  Reynolds  Number, 
and  is  defined  by:  (for  speed  in  Knots  and  length  in  feet,  in 
$0°  seaw/ater) 


(3) 


It  is  also  interesting  to  note  that  no  reference  ha3  been  found, 
in  the  literature  on  skin  friction  drag  in  water,  to  th3  express 
sion  for  drag  in  laminar  flow  as  postulated  by  Blasius  in  1*911 
(ref,  3)« 


( k )  Blasius 


Cp  =  i. 5ze  V, 


The  coefficients  defined  by  these  three  fundamental  equations 
(1,  2,  and  !>)  are  shown  in  Figure  (l)« 
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Typical  Reynolds  Number  values  encountered  in  hydrofoil  studies 
can  be  expected  to  range  from  about  iO0,0iX)  to  about  10,000,000 
for  the  speed  ranges  of  interest  to  the  high  (b/D)  studies  out¬ 
lined  herein.  High  speed  studies  can  be  expected  to  involve 
Reynolds  Numbers  up  to  about  ,000,000. 

In  view  of  the  apparent  lack  of  experimental  evidence  in  favor 
of  the  assumption  of  laminar  flow  conditions  in  actual  operations 
of  the  type  to  be  expected  viith  hydrofoil  craft,  it  is  assumed 
that  in  all  cases  the  flow  will  be  turbulent,  w ith  friction  drag 
as  expressed  by  Gebers.  Typical  values  of  the  skin  friction  drag 
coefficient  to  be  expected  are  then  shown  by  Figure  ( 2) .  It 
should  be  noted  that  the  skin  friction  drag,  using  this  coeffi¬ 
cient,  is  a  xxmetion  of  the  total  wetted,  area,  and  is  expressed 
by: 

(5)  Dc  =  Cf  A  1 


.is  friction  drag  in  pounds. 

is  skin  friction  coefficient* 

is  total  wetted  area. 

is  dynamic  pressure. 

Assuming  the  density  of  50°  sea-water  to  be  olj„h  p.c.f.,  the 
dynamic  pressure,  for  3peed  in  knots,  is 

(6)  1  =  2,85  V* 


in  which 

Cf 

A 


Thi»  value  is  u3ed  throughout  the  present  studies 


Basic  Profile  Drag 

From  a  review  of  literature  on  hydrofoils  (rof.  U~£2) ,  it  appears 
that  the  moot  desirable  section  profiles  for  the  attainment  of 
high  (l/d)  over  a  reasonable  range  of  speede  are  of  the  type 
represented  by  the  NACA  High-Speed  series  airfoils  (ref.  25), 

For  tho  purposes  of  those  general  studies,  therefore,  it  is 
assumed  that  lift  and  drag  characteristics  of  typical  hydrofoil 
sections  aro  as  expressed  below,  based  upon  the  characteristics 
of  such  NACA  airfoils ,  A  more  detailed  analysis  of  particular 
configurations  should,  of  oourso,  include  more  exact  information 
regarding  section 'characteristics.  The  assumptions  made, 

however,  aro  considered  to  bo  entirely  adequate  for  tho  purposes 
of  preliminary  investigations,  and  to  represent  reasonably 
good  design  practice. 

Examination  of  the  drag  .data  of  reference  25  indicates  that 
typical  profile  drags  can  be  expected  to  be  of  the  order  Bhowra. 
by  Figure  (5),  for  profiles  of  the  "aerodynamic  cleanness"  to 
be  expootod  of  hydrofoils  which  can  be  froe  of  tho  doors,  ports „ 
and  other  sundry  protuberances  usually  found  on  airplane  wings. 
For  the  purposes  of  preliminary  studies,  it  appears  entirely 
reasonable  to  express  these  profile  drags  empirically  as 

o 

(5)  C Da  ^  Cdo  4*  0,005  Cl 


in  which  (Cj)0)  is  net  profile  drag  coefficient,  (Ql)  ia  section 
drag  coefficient  at  zero  lift,  and  {CO  is  section  operating 
lift  coefficient.  Figure  (2j.),  summarizing  typical  coefficients 
to  be  expected,  indicates  that,  approximately, 

(6)  Cdo  ^  o,oo48  4-  0.(0  t2 

in  which  (  X,  )  is  the  section  thickness  ratio  (thicloaess  divided 
by  chord).  Combining  equations  (5)  and  (6),  the  general  equation 
for  profile  drag  coefficient  becomes 


(7) 


,o.oo4s  4-  o.tot**  4-  o.oo5 ct 


It  should  be  noted  that  this  expression  represents  only  an  average 
value,  since  it  implies  no  chang 8  of  profile  drag  with  Reynolds 
Number.  Sinoo  friction  drag  is  included  in, profile  drag,  however, 
suoh  is  of  oourse  not  strictly  true,  •  The  expression  is  considered 
to  represent  a  good  approximation  over  tho  range  of  Reynolds 
Numbers  to  bo  expected  after  take-off  of  the  hydrofoil  craft,  and 
is  included  for  simplification  of  the  analysis.  Specific  design 
studies  should  of  course  consider  friction  drag  in  more  detail. 


Easio  Induced.  Drag 


The  basic  indued'  drag  of  a  lifting  hydrofoil,  as  usually  expressed 
in  aerodynamic  theory,  is  (ref.  21;.) 


(8) 


£h~(  l+Si) 

ir/R.  ’ 


in  which 


(Q>  i)  is  induced  drag  coefficient 


( Cu)  is  foil  lift  coefficient 

( ^.  )  is  foil  aspect  ratio  (k%/$  ) 

('  span,  S  is  area) 

{  Si)  is  the  standard  planform  induction  parameter 


Typical  values  of  tho  planform  induction  parameter  {Si)  are  shorn 
by  Figure  (5),  as  functions  of  foil  thickness,  aspect  ratio,  and 
two-dimensional  (infinite  aspect  ratio)  section  charactoristj.cs. 


Equation  (8)  expresses  the  induoed  drag  encountered  under  "infinite 
flow"  conditions,  in  which  it  is  assumed  that  the  surrounding 
extends  effectively  to  infinity.  The  presence  of  the  free  water 
surface,  or  interface,  above  the  foil  can  bo  expected  to  modify 
circulation  about  the  foil  in  such  a  manner  as  to  alter  the  usual 
concepts  of  induction  effoots. 


The  subject  of  flaw  around  a  foil  which  is  located  near  a  boundary 
of  the  surrounding  medium  is  one  which  has  received  a  groat  deal 
of  attontlon  in  aerodynamic  theory,  since  it  is  direotly  cor.1- 
corned  with  conditions  whioh  exist  in  a  wind  tunnel,  or  when  an. 
airplane  is  flovm  very  close  to  tho  ground.  The  particular 
condition  encountered  in  hydrofoil  studios,  in  which  the  boundary 
i3  actually  a  free  surface,  is  included  in  the  rather  extensive 
treatment  of  boundaries  in  reference  25.  It  is  shown  that  a 
free  surface  above  the  foil  can  be  expected  to  increase  the 
induction  effects,  hence  the  induced  drag  of  the  foil. 


The  correction  factor  to  be  applied  to  the  induced  drag,  to 
account  for  the  effects  of  operation  near  the  interfaoe,  then 
modifies  equation  (8)  to  read 


(9) 


C*;  ~  ^O+fcK'  +  H’O 


in  whioh  the  "interface  reflection  parameter"  (  <^>)  i3,  as  published 


by  Prandtl  (1922)*  and-  since  established  experimentally* 

"Reflection  Parameter"  (4),  es  function  of  di;pth  of 
submersion  ( k.  )  and  foil  span  (  b  ): 

(tyb)  0  .1  *2  .3  .4  .5 

( 4  )  1,000  .780  .655  .561  .485  .420 

Intemediats  values  of  (  4  )  are>  shown  by  Figure  (6)0 

A  rigorous  drag  analysis  should  inoludo  detailed  corns i do rat ion 
of  both  tho  induction  parameter  (Si  )  and  reflection  parameter 
(  4  )•  For  use  in  preliminary  studios*  however,  in  which  order 
of  magnitude  rather  than  precifse  values  are  useful  to  preliminary 
design  selection,  it  appears  quite  reasonable  to  combine  these 
parameters  and  represent  tho  term  1<L  )  by  a  series 

of  empirical  curves  e.s  shown  by  Figure  (7). 

The  induced  drag  coefficient  then  becomes 


(10) 


c 


a 

L 


End  Plates 


Results  of  early  experiments  with  o:ad  platos  ns  a  moans  of 
reducing  tho  induced  drag  of  rather  low  aspect  ratio  wings 
show  that  some  reduction  can  be  expected  if  the  end  plates  are 
properly  designed  (ref,  26  and  27).  The  studios  examined, 
however,  were  all  concerned  with  rather  low  aspect  ratios, 
and  the  economy  of  application  of  conventional  and  platos 
to  high  aspect  ratio  hydrofoils  appears  to  be  of  sufficient 
uncertainty  to  preclude  their  consideration  in  studies  of  the 
typo  outlined  here. 

It  is  understood  that  tests  of  end  plates  based  upon  what 
appears  to  be  a  most  promising  design  philosophy  aro  in 
progress  as  the  present  studios  ar©  being  conducted.  It 
is  considered  quite  likely  that  thi3  new  approach  to  the  end 
plato  problem  may  represent  a  most  practical  means  of  reducing 
the  induced  drag  of  high  aspect  ratio  foils.  Present  plans 
with  regard  to  tests  of  hydrofoil  craft  inoludo  provisions  for 
rather  extensive  tests  of  the  now  typo  end  plates. 
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Interference  Drag 

It  is  assumed  that  the  hydrofoil-s^rut  combinations  under  con¬ 
sideration  consist  of  foils  running  under  the  surface  of  the 
water,  with  vertical,  or  nearly  verticals  struts  projecting 
upward  from  the  upper  surface  of  the  foils,  through  the  water 
surface,  to  the  main  load  carrying  hull  or  body.  As  a  general 
rule,  it  can  'bu  expected  that  intersections  of  struts  and  foils 
will  be  reasonably  Y/ell  faired,  to  produce  minimum  interference - 
Under  the  assumption  of  turbulent  flow,  it  appears  entirely 
reasonable  to  assume  that  such  interference  is  of  a  second  order 
(ref.  28-30),  and  produces  a  net  drag  increase  of  about  five 
percent  for  each  strut-foil  intersection*  This  increase  is 
arbitrarily  assumed  to  be  equally  divided  between  strut  profile 
and  foil  induced  drag  (for  reduction  of  lift-curve  slope)* 


Strut  Drag 

The  drag  produced  by  the  portions  of  the  supporting:  3truta 
running  below  the  water  surface  can  be  considered  equivalent  to 
that  defined  by  aquation  (6),  in  which  the  strut  is  assumed  to 
operate  at  zero  lift*  An  additional  drag,  however,  can  be  ex¬ 
pected  a3  a  result  of  the  wave-making  action  of  the  strut  exten¬ 
sions  through  the  water  surface,  although  it  is  assumed  that  the 
struts  are  of  ruch  profile  that  their  wave-making  characteristics 
are  reduced  to  a  practical  minimum.  It  is  considered  reasonable 
to  allow  approximately  a  fifty-percent  increase  of  the  drag  pre¬ 
dicted  by  equation  (6),  to  cover  the  wave  malting  drag  interference 
a3  predicted  above,  and  the  probability  of  the  addition  of  rudders 
flap  actuating  mechanisms,  etc*,  to  the  basic  strut  configuration* 

The  strut  drag  is  thon,  in  terms  of  foil  area,  and  for  (V4  )  strut 

(11)  Cj^  «  l, S’ N (%■)(<>, oo4Sv  o, lots' ) 


in  Yfhich 

is  the  number  of  struts. 

Ss  Is  the  strut  submerged  area. 


^  is  the  foil  area. 

to  is  the  strut  thickness  ratio 
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Air  Drag 

Air  Drag  is  assumed,  for  the  relatively  lew  speed  studies  pre¬ 
sented  here,  to  be  of  a  second  order.  It  should  be  realized, 
however,  that  as  design  speeds  are  inoreased  beyond,  say,  forty 
knots,  estimates  of  air  drag  should  be  included  in  the  general 
drag  analysis,  and  every  effort  should  bo  made  to  provide  designs 
of  aerodynamic  cleanness. 


Summary  of  Drag  Equations 

The  drag  equations  which  define  performance  of  a  hydrofoil  craft 
aftor  it  is  foilborae  can  bo  summarized  for  preliminary  design 
purposes.  It  is  oonsiclered  significant  that  the  methods  of 
analysis  outliiied  here  were  used  in  prediction  of  performance 
of  a  full-soalo  test  craft,  roportod  in  a  separate  section  of 
these  general  studies,  with  gratifying  agreement  between  pre¬ 
dicted  and  observed  performance.  They  vrould  appear,  therefore, 
to  represent  reasonably  reliable  preliminary  estimates. 

Total  Drag  Aftor  Take-Off 

Cd  =  Gdo  -t"  Gi  +  Ci>« 

Foil  Profile  Drag 

(13)  C:d0  s  0,004 8  4-  o.iotp  4-  0,005# 

Foil  Induced  Drag 

{lh)  Gi  8  (l4-0.O25N)^(it^l)(l+4^*(l+O.O25tsi)^ 

Strut  Drag 

(15)  CSs  =  I.5M(tX0,0o4S  +°’,ots) 


TOTAL  PARASITE  DRAG 

Qd?  =  O.oo4a  +  o,|otp  4- i.SNl(%y(o.oo48to(lc> 


TOTAL  DRAG  DUB  TO  LIFT 

C,L  -  cl  f(i--+e>.PzeM>  ^  -fco'.oc >sj: 


Hull  Drag  Prior  to  Take-Off 


The  drag  of  a  hydrofoil  craft,  front  the  condition  at  rest  until 
its  weight  is  completely  supported  by  the  foils  at  iake-off, 
includes  the  frictional  and  wave-making  resistance  of  the  hull, 
as  well  as  the  drag  of  the  foils  and  struts.  The  hull  resistance 
is  equal  to  that  of  a  conventional  displacement  or  planing  hull, 
appropriately  modified  as  speed  increases  and  lift  „.s  transferred 
from  the  hull  to  the  foils,  reducing  the  apparent  displacements 

The  resistances  of  typical  planing  hulls  of  v  irious  types  have 
been  summarised  and  plotted  by  J.  H,  Curry,  as  shown  by  Figure 
(8),  and  have  .also  been  examined  and  averaged  into  it  single  curve 
by  felt yens ,  as  sho.'u  by  Figure  (9).  In  both  cases  the  Planing 
Numbers,  or  Resistance  divided  by  Displacement,  are  plotted 
against  Frouoe  Numbers.  The  resistance  of  a  hull  as  a  surface 
craft  at  any  speed  prior  to  take-off  can  be  estimated  from  such 
c’lrves  as  these,  or  from  actual  test  data  pertaining  to  the  par¬ 
ticular  hull  under  consideration,  if  such  is  available . 

It  appears  reasonable  to  assume,  for  preliminary  design  purposes, 
that  the  foils  will  be  sat  at  their  maximum  practicable  angle  of 
afctacr.  prior  to  take-off,  hence  the  lift  coefficient  will  t? 
essentially  constant.  The  transfer  of  lift  will  then  be  a  func¬ 
tion  of  the  square  of  the  speed,  and  the  modification  of  hull 
resistance  to  account  for  the  reduction  of  apparent  displacement 
can  be  determined  as  a  function  cf  the  ratio  of  actual  speed  to 
take-off  speed, 

For  the  preliminary  design  studies  reported  herein,  ?„t  is  assumed 
that  hull  resistance  varies  as  the  two-thirds  power  of  displace¬ 
ment,  and  that  the  average  curve  presented  by  Teitjens,  Figure  (9), 
is  applicable  at  Froude  Numbers  greeter  than  unity.  An  empirical 
equation  for  hull  resistance,  including  the  correction  for* reduc¬ 
tion  of  apparent,  displacement,  is  derived,  as  shown  by  equation 
(16).  For  more  detailed  studies,  or  for  the  special  cases  in 
v/hlch  Froude  Number  is  les3  than  untiy,  the  curves  of  Figure  (8), 
ox’  actual  test  data  for  a  particular  hull,  can  be  used,  bearing  in 
mind  that  the  correction  for  transfer  of  lift  must  be  applied  to 
the  Resistance  Numbers  indicated. 

The  general  equation  for  hull  resistance  used  in  these  studies  is 

\ = [i-(iSf3hs8Z£+M8r]H 


(16) 
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in  which 

is  hull  drag  in  pounds * 
is  speed  in  knots . 
is  take-off  speed  in  knots* 
is  waterline  length  in  feeto 
is  total  displacement  in  tons* 

Typical  values  of  hull  drag  predicted  by  equation  (16)  are  shovm 
by  Figure  (10) . 

It  is  significant  to  note  that  the  total  resistance  prior  to  take¬ 
off,  including  both  hull  drag  and  strut-foil  drags,  is  characterized 
by  a  "hump"  which  readies  its  peak  at  a  speed  slightly  belovv  that 
for  take-off*  The  power  required  to  propel  the  craft  through  this 
region  of  increased  resistance,  and  beyond  to  the  take-off  speed, 
is  an  extremely  important  consideration  in  the  design  of  a  hydrofoil 
craft,  and  should  be  carefully  analysed.  It  is  possible  to  maintain 
some  control  over  the  magnitude  of  the  peak  power  required  in  this 
region  by  varying  the  design  take-off  speed,  or  lift  coefficient* 

As  a  general  rule,  the  peak  drag  will  be  reduced  if  the  take-off 
speed  is  made  as  low  as  possible,  or  if  take-off  lift  coefficient 
is  made  as  great  as  possible.  Stalling  or  cavitating  of  the  foil 
may  impose  practical  limits  to  the  maximum  value  of  lift  coefficient 
which  can  be  utilized. 

Typical  curves  of  the  total  drag  of  a  particular  hydrofoil  craft, 
showing  the  peak  values  reached  in  the  region  of  the  "hump,"  are 
shown  by  Figure  (11),  in  ■which  the  design  take-off  speed,  hence 
lift  coefficient,  are  varied  between  the  limits  indicated* 


V 

Vpo 

4* 
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Lift.  Curve  Slope 


The  lift  curve  slope  of  a  foil,  as  usually  predicted  in  aerodynamic 
theory  is  (ref.  2h) 


(17) 
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in  which  (Tf)  is  the  conventional  induction  parameter,  as  shown 
by  Figure  (12)  and  (m.0)  is  the  lift  curve  slope  for  infinite 
aspect  ratio. 


(18) 


m0  a  £tr  -  4 tF 


As  in  the  case  of  induced  drag,  tbs  presence  of  the  water  surface 
alters  the  lift,  curve  slope.  The  reflection  parameter  ( •=£> )  is 
therefore  applied  to  equation  (17)  to  obtain  the  expression  for 
lift  curve  slope  used  in  the  present  studies: 


(19) 


dCu 

<dc( 


WLo 


PERFORMANCE  OF  HYDROFOIL  CRAFT 


Preliminary  analyses  of  tho  performance  of  hydrofoil  craft  .ire 
based  upon  the  general  assumptions  of  steady  rectilinear  flight 
in  wnich  the  eifect.3  of  linear  and  rotational  accelerations  are 
neglected.  Determination  of  probable  accelerations  at  take-off, 
as  lift  is  finslly  transferred  from  the  hull  to  the  foils,  will 
require  more  specific  definition  of  the  variation  of  power  with 
spaed  than  is  possible  in  the  general  studies  presented  herein.. 

As  in  the  case  of  conventional  displacement  craft,  trial  runs 
will  be  necessary  before  such  definition  of  power  characteristics 
can  be  considered  reliable .  Preliminary  investigation  of  some  of 
the  more  important  performance  parameters  is  possible,  however, 
as  indicated  in  the  following  discussion. 


Conditions  for  Maximum  (L/D) 

In  view  of  the  contractual  requirements  that  the  studies  pre¬ 
sented  herein  have  attainment  of  maximum  (L/D)  as  their  prin¬ 
cipal  objective,  it  is  well  to  define  the  conditions  of  operation 
necessary  for  such  attainment.  Frcra  the  drag  analyses  indicated 
in  the  previous  discussion,  ib  is  possible  to  define  these  condi¬ 
tions  . 

The  total  drag  after  take-off  is  equal  to  parasite  drag  plus  drag 
due  to  lift 

(20)  D  s  DP  * 


or,  in  coefficient  form, 

(a)  C6  =  C»p  +  Gu 

Combining  equations  (13),  (14),  and  (l£) 


(22)  Cj>  i  o.oo48  -f  0,10  tp  -if  (^-)(o-oo4S  +o,  |o 
+  C*  [o.OOfi-O  -f  (h  0.07.5  M)(^)(|  4-  +)J 
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From  equation  (22)  it  is  soon  that 

(23)  --  0,oo4s  f  o./otp  f  I.STAJ  ~^,oo48  -h  o, /otg  7 

(24)  Ciu  «  Cufo.oo (To  4*  6+o.0iSA/K^J(fH»\7 

- 

whence 


The  condition  Tor  maximum  (L/D)  is  found  by  minimizing  the  term 
(<YcJ  >  in  which 


(26) 


-i-  -AC 


Differentiating  with  respect  to  (C^), 


(27) 


Q>? 


whence  it  is  seen  that  the  condition  for  maximum  (L/D)  is  satis¬ 
fied  if 


(28) 


From  equation  (28)  it  is  seen  that  the  lift  coefficient  (CO 
for  maximum  (L/D)  is  defined  by 


(29) 


And  Maximum  (L/D)  has  the  value 

(30)  (%)0  =  z[*c>']  2 

Equating  lift  to  total  weight  (W  in  pounds) ,  the  speed  at 
which  maximum  (L/D)  is  attained  is  found  from  equation  (29) 


or,  for  total  weight  )  in  tons, 

(33)  Vo1'  *  786  (fr^ 


L/D  Attainable  at  Any  Speed 

Equation  (30)  defines  the  maximum  (L/D)  attainable  Y/ith  any 
particular  configuration,  at  the  optimum  speed  defined  by 
equation  (33) «  It  is  desirable  to  ascertain  the  (L/D)  which 
is  attainable  at  sroeds  other  than  optimum. 


From  equation  (26) 


Cl,  x  Cl 

+•  ^  Cl" 


Maximum  (L/D)  is,  in  this  form, 


Cu. 


(35) 
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Dividing  (jit)  by  (3b)  and  substituting  (31)  as  necessary 

z 

<*>  m  *  ~ 

'“‘•n  Ct. 

which,  in  terms  of  speed,  becomes 


These  variations  of  (L/D)  v;ith  lift  coefficient  and  speed  are 
shown  by  Figure  (13) * 


Power  Requirements 


Analyses  of  power  requirements  of  hydrofoil  craft  are  based  on 
the  assumptions  that: 

(1)  Thrust  is  equal  to  total  Drago 

(2)  Required  Power  is  equal  to  Thrust  Power  divided  by 
Propulsive  Efficiency o 

(3)  Propulsive  Efficiency  is  constant  over  the  3peed 
ranges  involved,  below  critical  cavitation  speeds 
and  in  the  region  near  cruising  speeds. 

The  Thrust  Power  after  take-off  is 


and  the  Required  Power  is 
(39)  P  *  Rr  (  *1  )  s 


The  3peed  for  minimum  power  is  determined  by  writing  (p )  in 
terms  of  (£>)  and  differentiating  with  respect  to  speed. 


CONFIDENTIAL 


18 


m 

?« 

[z’85VvX  +  ' 

(hi) 

d? 
dV  ' 

A\N"  7 

«,85-SVx  J 

_  A\N a 
a.sssy* 


] 


whence  the  speed  for  minimum  power  i3 

w  if  1 


(1*2) 


Vp 


W  '  3C»p 


T&ff-)1 


This  is  related  to  speed  for  maximum  (L/d)  by 


whence 


(1*U) 


J4»f  =  0.760 


Thu3  minimum  power  is  required  at  the  speed  seventy-six  percent 
of  that  at  which  maximum  (L/D)  is  attained** 


Endurance  and  Range 

The  attainable  endurance  and  range  of  a  hydrofoil  craft  are 
determined,  under  the  assumption  that  fuel  consumption  (,C) 
in  pounds  per  horsepower  hour  remains  constant,  in  the  cruis¬ 
ing  speed  region. 


The  fuel  consumption  per  hour  is 
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Maximum  endurance  is  attained  if  fuel  consumption  per  hour  is 
minimized,.  Thus,  minimizing  equation  ( U5)  >  it  is  seen  that: 

MAXIMUM  ENDURANCE  IS  ATTAINED  AT  TIE  SPEED  FOR  MINIMUM  POAER. 


Maximum  range  is  obtained  when  fuel  consumption  per  mile  trav¬ 
elled  is  minimized. 

The  range  rate  is 

(W)  dt  5 


Dividing  (L5)by  (I16),  the  fuel  consumption  per  mile  is 


(U7) 


dR  '  "7  V&1 


Thus,  minimizing  equation  (hi)  >  it  is  seen  that: 

MAXIMUM  RANGE  IS  ATTAINED  AT  THE  SPEED  FOR  MAXIMUM  (L/D). 


From  equations  (U5)  and  (hi) ,  it  is  aiso  seen  that: 

Endurance  and  range  both  vary  directly  tilth  drag,  fuel 
consumption,  and  propulsive  efficiency.  Is  is  therefore 
mandatory  that  every  effort  be  made  to  achieve: 

Low  Drag 

Low  Fuel  Consumption 
High  Propulsive  Efficiency 

Optimum  design  for  endurance  and  range  is  achieved  by  obtaining 
the  beat  balance  among  these  three  parameters.  Effort  should  not 
be  concentrated  solely  on  any  one  of  them,  at  the  expense  of  the 
others,  without  due  consideration  for  the  balance  which  must  be 
maintained  q 
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CONFIGURATION  STUDIES 


Optimum  Geometry  of  Single  Foil  Craft 

In  accordance  .vith  the  requirement  that  the  present  studies  have 
attainment  of  maximum  (L/D)  as  their  primary  objective,  it  is 
desirable  to  define,  first,  the  conditions  for  attainment  of 
maximum  (L/D)  and,  second,  the  optimum  configurations  with  which 
such  maximum  can  be  realized.  The  conditions  for  attainment  are 
defined  in  the  general  performance  analysis* 

As  a  first  step  toY/ard  definition  of  the  optimum  configuration, 
it  is  appropriate  to  determine  the  maximum  (L/D)  which  can  be 
attained  with  a  single  foil,  including  its  struts,  but  not  in¬ 
cluding  allowances  for  flaps,  rudders,  or  auxiliary  stabilizing 
foils  or  planing  surfaces.  The  ( L/D)  thus  defined  represents 
the  practical  maximum  v/hich  can  conceivably  be  attained  with  the 
least  compromised  configuration,  and  can  be  uoed  as  the  refer¬ 
ence  with  which  to  evaluate  configurations  v/hich  include  such 
items  necessarily  added  for  purposes  of  trim,  stability,  propul- 
33.cn,  etc* 

Ahereas  the  literature  indicates  that  the  groat  majority  of 
hydrofoil  configurations  considered,  have  had  stability  or  high 
speed  as  their  primary  design  parameters,  no  evidence  has  been 
found  to  indicate  that  serious  consideration  has  been  given  to 
maximum  attainable  (L/D)  as  the  governing  criterion.  The  con¬ 
figurations  given  most  serious  consideration  have  utilized  main 
foils  incorporating  either  dihedral  with  the  foil  piercing  the 
water  surface,  or  low  aspect  ratio  foils  coupled  to  auxiliary 
skating  foils*  Both  of  these  design  philosophies  appear  to  have 
been  dictated  by  stability  considerations,  with  high  speed  as 
their  secondary  objective* 

It  is  considered  quite  likely,  however,  that  greater  attainable 
values  of  (L/D)  can  be  realized  with  a  hydrofoil  craft  if  its 
main  lifting  foil  is  designed  with  maxi. mum  (L/D)  as  its  govern¬ 
ing  parameter,  with  stability  and  trim  requirements  met  by 
provision  for  auxiliary  foils,  flaps,  or  modifications  designed 
to  satisfy  such  requirements  v/ith  the  minimum  compromise  of  the 
main  foil  (L/D), 

The  basic  configuration  upon  v/hich  this  design  philosophy  is 
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based  is  one  using  a  single  rectangular  foil,  v/ithout  dihedral „ 
with  struts  extending  vertically  upward  from  the  foil  through 
the  water  surface  to  the  load-carrying  hull  or  body.  A  study 
of  the  (L/D)  values  attainable  with  ouch  a  configuration  will 
provide  a  convenient  reference  with  which  to  compare  particular 
configurations,  and  vfill  indicate  the  order  of  magnitude  of 
limits  which  may  be  imposed  upon  the  design  of  hydrofoil  craft. 


The  optimum  geometry  for  attainment  of  maximum  (l/d)  can  be 
established  by  combining  the  hydrodynamic  conditions  for  such 
attainment  with  necessary  structural  limitations.  Thus,  whereas 
hydrodynamic  theory  alono  implies  that  maximum  (L /d)  requires 
a  combination  of  ’’infinite”  aspect  ratio  with  "zero”  foil  and 
strut  thicknesses,  structural  considerations  place  definite 
physical  limits  upon  these  parameters.  The  definition  of 
optimum  geometry  then  becomes  a  problem  of  simultaneous 
Optimization  of  both  hydro  dynamic  and  structural  parameters. 


From  equation  (30),  maximum  (l/d)  is  defined  as 

(us)  0-/d)„„v  =  z  (r^J 

»*»» •  p 

In  which,  from  equations  (23)  and  (3k) 

(k9)  «  o.oo 48  +*  o.iotp  liS Nj 3 

(5°)  -  (j  ir o,ots  fO.ooS  «  0+°«OIC  ^ 


Now,  from  structural  cona ide rations ,  the  permissible  foil 
thiokness  oan  be  written,  in  terms  of  aspect  ratio  (/^), 
foil  loading  (“Vs  ),  desigi  load  factor  (  ),  number  of 
supporting  struts  (  hi ),  and  material  properties. 


4.12V  pfe-V 


!h 
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in  which 


t_  ia  the  foil  thickness  in  percent  of  chordo 

r 

^  is  the  number  of  struts. 

A  is  the  total  load  in  tons  (22lj0  Pounds). 

5  is  foil  area  in  square  feet. 

V\f  is  design  load  factor. 


fjl  is  foil  design  safety  factor, 
is  foil  ultimate  stress. 
Similarly j  the  required  strut  thickness  is 


ts3  =  ifcKb'M4t(4-«-)(^;KRs) 


in  which  ^  is  strut  thickness  in  percent  of  chord. 

is  ratio  of  strut  length  to  chord, 
is  ratio  of  strut  chord  to  foil  chord. 


ia  strut  design  safety  factor, 
is  strut  tangent  modulus  of  elasticity, 
strut  load  distribution  factor. 

The  general  drag  equation  can  then  be  written* 


(53)  C>*Q,p+4£c£ 

(5k)  =  0,0048  +  +I.SN  f^x>4a+ 

i,:  o.ooso-t- 


(55) 
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in  which 

(56)  V  =  (4^  (#«•!> 

Y  -  n.QIS  /  Pr  \ 
f  <fo) 

(5«  ±y  =  ^  ^  ■  , 

4  ,  (/w.(r  ^f( 

Whence  the.,  drag  equations  can  be  written,  in  terms  of  foil  aspect 
ratio, 

(58)  Ciy  »  A  +•  B/’R* 

<»>  A  ■  |  +  « 


A*  o,oo46flt/'SN  %) 

q  =  6+o.m6-a(Kj#X'+^ 

H  •  o.oofo 


in  which 
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and  equation  (ij8)  becomes 

(60)  (L<„  *  £  [<*+»**)($ +  ■»)]  ^ 

For  any  specified  material  of  construction,  it  is  then  possi¬ 
ble  to  determine  the  optimum  Aspect  Ratio,  hence  the  complete 
geometry,  for  attainment  of  maximum  (L/D)  at  any  specified 
number  of  struts  and  foil  loading. 

Differentiating  equation  (60)  with  respect  to  Aspect  Ratio, 

(61)  J 


whence  the  optimum  Aspect  Ratio  is  defined  by 


Equation  (62)  has  two  solutions: 

(I)  If  the  term  (A/B)  is  greater  than  1*61*«6, 


(63-x)  ^  s  (X,  f  Xi)  -  18.67 

x,3  « 

K  s 

(II)  If  the  term  (A/B)  is  less  than 

(6.3-11)  R,  =  18^7  -i  J 

0  «  \ 
3  V  432.3  ) 


Thus  the  optimum  Aspect  Ratio  can  be  determined  for  assumed 
combinations  o.C  strut  number,  Toil  loading,  load  factor,  and 
material  of  construction.  The  corresponding  foil  and  strut 
thicknesses  can  be  determined  from  equations  (56)  and  (57), 
and  the  maximum  (L/D)  from  equation  (60).  The  lift  coeffi¬ 
cient,  speed,  and  required  power  can  be  determined  from 
equations  (29),  (33),  and  (39) • 

Typical  values  of  the  parameters  corresponding  to  maximum 
(L/D)  are  shown  by  Figure  (lk).  Results  of  more  comprehensive 
studies  are  presented  in  the  general  Design  Charts  which  con¬ 
stitute  a  separate  division  of  this  report® 
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Effects  of  Deviations  of  the  Major  Parameters  from  Their 
Optimum  Values _ 


Two  principal  conditions  for  variation  of  the  major  parameters 
from  their  optimum  values  are  of  interest  in  a  study  of  the  ef¬ 
fects  of  such  variations  upon  maximum  attainable  (L/D). 

First,  it  is  assumed  that  as  each  parameter  is  varied  the  remain¬ 
ing  items  are  adjusted  to  maintain  the  most  efficient  structure, 
as  defined  by  equations  (56)  and  (57).  Thus,  if  aspect  ratio  i3 
reduced,  the  fcil  and  strut  thicknesses  are  reduced  as  allowed  by 
these  equations,. 

Second,  it  is  assumod  that  each  parameter  is  varied,  alone,  with¬ 
out  optimization  of  the  remaining  items.  Thus,  if  aspect  ratio 
i3  reduced,  the  foil  and  strut  thicknesses  are  not  reduced  as 
allowed  by  equations  (56)  and  (57) ,  but  are  held  constant.  The 
configuration  could  then  be  considered  "overstrangth",  since  the 
equations  define  the  most  efficient  structure  possible  under  the 
assumptions  made  in  their  development.  These  second  studies 
therefore  also  show  the  effects  of  changes  in  the  basic  struc¬ 
tural  assumptions  which  would  result  in  modifications  of  the 
allowable  relationships  among  the  various  parameters. 

A  rigorous  study  should  include  the  analyses  of  variations  of 
all  parameters  which  affect  maximum  (L/D).  Practical  considera¬ 
tions,  however,  justify  the  elimination  of  certain  of  the  para¬ 
meters,  for  reasons  which  appear  logical. 

It  i3  considered  likely  that  interest  in  the  effects  of  variations 
of  the  parameters  centers  about  relatively  small  changes  in  the 
physical  dimensions  of  a  particular  hydrofoil.  Thus,  a  configura¬ 
tion  near  the  optimum  is  selected  from  the  Design  Charts,  and  a 
craft  defined  with  certain  fixed  values  of  displacement,  number 
of  struts,  design  load  factor  and  material  of  construction.  It 
is  then  of  interest  to  determine  the  effects  of  deviations  of  as¬ 
pect  ratio,  span,  foil  thickness,  and  strut  thickness  from  their 
optimum  values. 

Such  effects  can  be  determined  by  consideration  of  the  general 
equation  for  maximum  (L/D), 


in  which 


A,B,<5  H  are  as  defined  in  equation  (£9). 

(o)  the  subscript  denotes  optimum  values  <> 
$  is 

T  i3  O.BNsSti 

The  ratio  of  attainable  (L/^)  at  any  geometry  to  that  corres¬ 
ponding  to  optimum  conditions  is  then 

f  %  f  .  EA»B&LJC1fe+  h] _ _ 

t65)  M  ' 


The  effects  of  variations  of  each  parameter  from  its  optimum 
value  can  be  determined  by  use  of  equation  (65),  using  equations 
(56)  and  (57)  to  optimize  the  remaining  items.  The  general  equa¬ 
tions  which  define  such  effects  are  as  follows:  (Note:  constant 
total  weight  in  all  cases) 

a.  Effect  of  Aspect  ftatio  -  See  Figure  (15) 

1.  Constant  Area,  other  items  optimized. 


(65-a-l)  -ijT  s 


2.  Constant  Span,  other  items  optimized. 


CONFIDENTIAL 


3«  Constant  Foil  Thickness,  other  items  optimized. 
(6£-a~3)  Xjf*  ; 

1*.  Geometiy  Mot  Optimized. 

(65-a-U)  7^  = 

b.  Effect  of  Foil  Span  -  see  Figure  (16) 

1.  Constant  Area,  other  items  optimized. 

(65-b-l)  = 

2.  Constant  Aspect  Ratio,  other  items  optimized. 
(65-b-2)  ^TX  = 

3*  Constant  Foil  Thickness ,  other  items  optimized. 


U.  Qeometry  Not  Optimized. 
(65-b-U)  - 


(65-b-3)  T|f*’ 


A  + 


+  H3 

CA4-ec^Iti(^HrtJ 


*/fe.  +  M 

K*+  H 


CONFIDENTIAL 


c.  Effect  of  foil  Thickness  -  See  Figure  (17) 


1.  Constart  Area,  other  items  optimized. 

[A  +  fc*Mt£+Hj 


(65-c-l)  Y 


2.  Constant  Span,  other  items  optimised., 


(65-C-2)  Y% 


«J 


3o  Constant  Aspect  Ratio,  other  items  optimized. 


(65-0-3) 


h .  Ceoraetry  Not  Optimized-. 


(65-c-li) 


d«  Effect  of  Strut  Thickness 


It  is  assumed  that  in  all  cases  where  possible  the  strut 
thickness  will  be  no  greater  than  absolutely  necessary* 

The  addition  of  flap  actuating  mechanisms,  depth  sensing 
devices ,  or  other  such  equipment  may  raatce  it  necessary, 
however,  to  increase  the  strut  thickness  beyond  the  value 
required  for  adequate  strength.  It  is  therefore  of  interest 
to  analyte  the  effects  of  changes  in  strut  thickness,  with 
•11  other  parameters  optimized,  (tfee  Figure  18) 
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(65-d-l)  3 


Figures  (l5i  (16),  (17) »  and  (18)  indicate,  respectively,  the 
effects  of  variations  of  aspect  ratio,  foil  span,  foil  thick¬ 
ness,  and  strut  thickness.  It  is  appropriate  to  discuss  briefly 
the  effects  shown.  Constant  weight,  load  factor,  and  material 
of  construction  are  assumed  in  all  cases. 

It  is  necessary,  in  an  analysis  of  the  effects  of  variations  of 
each  parameter,  to  stipulate  which  of  the  remaining  parameters 
are  to  be  held  constant.  Thus,  considering  the  equation  for 
aspect  ratio,  (/R»  b/5  ),  it  is  seen  that  variations  of  aspect 
ratio  can  be  affected  by  variations  of  span,  area,  or  both. 

From  equations  (£6)  and  (57) »  for  constant  values  of  (^  ), 

(*■  ),  (Kr)  ,  and  (ICO,  it  is  possible  to  derive  the  following 
general  expressions  for  tha  terms  and  which 

appear  in  equation  (65), 


(65— r) 


/w  ,  4*4  ,  43  s 

tty  ■  iw- 


The  relationships  among  the  various  parameters  then  become, 
holding  certain  of  them  constant, 


at  constant  area  (  S»  *  S  ) 

iMS  *  (*r  •  cto* 
(fer  ■  •  <£>* 

at  constant  span  (  |>0:  b  ) 

■  ®*  ■  ** 

(MX  •(%?■ 
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at  constant  aspect  ratio 

(fc)'  ■<*)*■  T 

(%)‘  ■  (*>*  •  (tf 

at  constant  foil  thickness  (  a.) 

(kX * 1 

These  relationships  are  used  in  development  of  the  equations 
(6$-a-l,  etc.)  which  define  the  variations  of  (L/D),  and  can 
be  used  in  an  analysis  of  the  effects  shown  by  Figures  (1J>-18). 

a.  Effect  of  Aspect  Hatio 

Variations  of  aspect  ratio  are  accompanied  by  variations 
of  the  remaining  parameters,  as  shown  above.  At  constant  area, 
a  decrease  of  aspect  ratio  permits  a  decrease  of  both  foil  and 
strut  thicknesses.  The  reduction  of  aspect  ratio  increases  in¬ 
duced  drag,  whereas  the  decreased  foil  and  strut  thicknesses 
decrease  the  profile  drag.  It  is  seen  in  Figure  (15)  that 
induced  drag  has  the  more  powerful  effect. 

The  same  reasoning  can  be  applied  to  the  effects  shown  for  con¬ 
stant  span,  and  constant  foil  thickness.  At  constant  span,  as 
aspect  ratio  is  decreased,  foil  and  strut  thicknesses  decrease, 
but  the  area  increases,  reducing  the  foil  loading.  At  constant 
foil  thickness,  as  aspect  ratio  is  decreased,  strut  thickness 
decreases,  and  both  span  and  area  decrease.  In  each  case,  the 
increase  or  decrease  of  (L/D)  is  determined  by  the  relative  mag¬ 
nitudes  of  the  changes  in  induced  and  profile  drags.  The  same 
is  true  of  the  effects  shown  for  the  case  in  which  the  geometry 
is  not  optimized  as  the  aspect  ratio  is  varied. 

b.  effect  of  Foil  Span 

c.  Effect  of  Foil  Thickness 

d.  Effect  of  Strut  Thickness 

The  effects  of  span,  foil  thickness,  and  strut  thickness, 
shown  by  Figures  (16),  (17),  and  (18),  respectively,  can  be 
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analyzed  in  the  sane  manner  as  indicated  above  for  the  effects 
of  aspect  ratio.  In  these  cases*  also*  the  change  in  attain** 
able  (I,/!))  is  determined  by  the  relative  magnitudes  of  the 
changes  in  induced  and  profile  drags. 

It  is  of  particular  importance  to  note  the  significance  of  the 
effects  of  changes  of  the  major  design  parameters,  as  shown  by 
Figures  (15-18).  As  indicated  by  these  figures,  appreciable 
errors  can  be  made  with  respect  to  each  of  the  parameters,  with¬ 
out  affecting  enormous  changes  in  the  attainable  (L/D) . 

It  should  be  noted,  however,  that  the  apparently  great  margin 
of  error  permissible  in  each  of  the  major  parameters  should  not 
be  construed  as  justification  for  laxity  in  maintenance  of  the 
proper  values.  It  is.  after  all,  the  entire  purpose  of  these 
studies  to  demonstrate  high  valuee  of  attainable  (L/D)  ,  and  to 
indicate  the  general  design  conditions  under  which  such  high 
(L/D)  may  be  obtained*  If  lower  values  are  to  be  considered  ac¬ 
ceptable,  economy  would  dictate  simplification  of  the  design, 
rather  than  laxity  in  control  over  the  major  parameters  (e.go, 
if  a  ten  percent  reduction  in  maximum  i/D  is  considered  accept¬ 
able  with  a  four-strut  craft,  due  to  permissible  errors  in  the 
major  parameters,  the  Design  Charts  show  that  it  would  be  better 
to  build  a  two-etrut  craft). 


Special  Case  of  Single-Strut  Configuration 


Of  notable  significance  to  the  design  of  hydrofoil  craft,  parti¬ 
cularly  with  regard  to  application  to  small  boats,  is  the  special 
case  of  the  single-strut  configuration*  Structural  considera¬ 
tions  permit  the  use  of  foils  tapered  in  planform,  which  can  be 
expected  to  result  in  appreciable  improvements  in  attainable  (L/D) 
over  that  permissible  with  the  rectangular  planform  assumed  in  the 
general  studies. 

As  indicated  in  the  general  discussion  of  structural  considera¬ 
tions,  an  increase  of  Aspect  Ratio  can  be  reaii'/.ed,  without  in¬ 
creasing  foil  thickness,  by  tapering  the  foil  planform.  This  is 
of  course  implied  by  equation  (56),  in  which  it  is  seen  that  as¬ 
pect  ratio  must  increase  if  the  area  is  held  constant  and  the 
planform  tapered,  at  constant  thickness. 

The  same  increase  of  aspect  ratio,  hence  (L/D) ,  is  of  course 
possible,  regardless  of  the  number  of  struts.  It  appears  logical 
to  assume,  however,  that  multi-strut  configurations  will  utilize 
foils  of  constant  chord  between  struts.  The  advantages  of  taper 
will  then  be  applicable  only  to  the  cantilevered  portions  of  the 
foils  outboard  of  the  outer  struts,  and  cannot  bo  expected  to 
produce  advantages  as  marked  as  is  the  case  with  a  single  strut 
in  which  the  entire  foil  can  be  tapered.  Taper ing  of  the  outer 
panels  of  multi-strut  configurations  are  therefore  treated  as  de¬ 
sign  improvements  which  can  be  applied  to  particular  designs,  and 
are  not  included  in  these  general  studies. 

The  increase  of  attainable  (L/b)  achieved  by  tapering  of  the  single¬ 
strut  planform  is  affected  by  two  considerations.  First,  the  aspect 
ratio  is  increased  a3  indicated  above;  and,  second,  the  induced  drag 
parameter  is  decreased  as  indicated  by  Figure  (7).  A  typical  in¬ 
crease  of  attainable  (L/D)  is  shown  by  Figure  (19). 


» 
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It  ia  probable  that  siae  limitations  may  make  it  undesirable  to  use  a 
single  foil  for  the  main  lifting  system  of  a  hydrofoil  craft,  in  which 
case  it  may  be  necessary  to  distribute  the  load  between  two  or  store 
foils  arranged  in  t&ndem.  It  is  of  interest  to  analyse  the  effects  of 
such  tandem  arrangement  upon  the  attainable  (L/D)  ratios. 


In  the  case  of  assumed  infinite  flow  conditions  it  is  poe  aible  to  esti¬ 
mate  the  effects  of  forward  foil  downwash  upon  the  rear  foil.  Such  an 
assumption,  however,  appears  to  impose  undue  restrictions  upon  the  anal¬ 
ysis  of  tandem  craft  performance,  since  the  creation  of  the  well  known 
standing  wave  behind  a  hydrofoil  running  near  the  water  Burface  indicates 
that  the  downwash  must,  in  fact,  become  an  upwash  at  some  distance  behind 
the  foil.  An  investigation  of  tandem  configurations  must  therefore  in¬ 
clude  predictions  of  the  probable  behavior  of  the  downwash  pattern  behind 
the  forward  foil. 


A  completely  rigorous  analysis  of  the  downwash  pattern  behind  a  hydro¬ 
foil  becomes  an  extremely  tedious,  and  questionably  accurate  process. 
Although  same  theoretical  work  has  been  derived  regarding  this  phenomenon, 
little  experimental  verification  of  the  predicted  characteristics  has 
been  made  available <  Pending  development  of  more  reliable  analyses, 
therefore,  the  present  study  will  attempt  only  to  estimate  the  order  of 
magnitude  of  probable  downwash  behavior,  rather  than  precise  values.  The 
results  should  be  sufficiently  accurate  for  the  purposes  of  the  general 
design  studies  with  which  this  report  is  concerned. 

It  may  be  possible  to  deduce  same  useful  conclusions  regarding  downwash 
characteristics,  without  the  necessity  of  detailed  theoretical  analyses. 
Consider,  for  example,  the  basic  equation  for  the  drag  induced  by  a  lift¬ 
ing  foil  of  finite  Jipan, 

(66)  Di--L(v) 

in  which  (  L  )  is  foil  lift,  (  <0  )  is  dewnwash  velocity  at  the  foil, 
and  (  V  )  is  free-otream  velocity  parallel  to  the  direction  of  motion. 

Reducing  equation  (66)  to  coefficient  form  and  comparing  it  with  equa¬ 
tion  (9)  it  is  seen  that  the  dewnwash  velocity  ( CO  )  is  defined  fay 


(67)  CO  -  — 


Since  the  factor  -(  V&  )  includes  the  effects  of  three-dimensional  flow 
and  depth  of  submersion,  it  is  seen  that  equation  (67)  defines  downwash, 
as  expected,  in  terae  of  foil  planfora  characteristics,  submersion,  lift, 
and  forward  speed. 
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It  would  appear  reasonable  to  expect  that,  at  least  near  the  water  sur¬ 
face,  the  resultant  velocity  of  the  water  stream  has  the  direction 
closely  approximated  by  the  slope  of  the  surface  wave  created.  If  it 
then  is  assumed  that  this  resultant  velocity  is  composed  of  a  horizon¬ 
tal  component  (  V  )  and  a  vertical  component  (  CO  ) ,  it  should  then  be 
possible  to  determine  the  strength  of  the  vertical,  or  downwash,  compo¬ 
nent  at  any  distance  behind  the  foil. 

If  the  distance  behind  the  foil  is  then  denoted  by  (  y>  )  and  the  de¬ 
flection  of  the  water  surface  by  (  ^  ) ,  the  shape  of  the  water  surface 
can  be  represented,  to  a  first  approximation,  by  the  sine  curve, 

(68)  *  -  X 

The  strength  of  the  vertical  component  (  co  )  is  then 

(69)  W  *  3?  *  3%  dt  *  - 


Solving  for  (  XT  )  by  corioining  equations  (67)  and  (69)  at  (")£*  O), 
the  downwash  velocity  becomes,  at  any  point  behind  the  foil. 


00)  OO  -  — 

Now  the  induced  drag  of  a  tandem  configuration  is  composed  of  the  self- 
induced  drags  of  the  individual  foils  which  would  exist  if  they  were 
acting  independently,  plus  the  mutually-induced  drag  imposed  upon  the 
rear  foil  by  the  dcmnwaah  from  the  forward  foil.  Denoting  the  forward 
foil  by  the  subscript  (  |  )  and  the  rear  foil  by  (  ^  ),  the  induced 
drag  of  the  tandem  system  is  then  defined  by 


(71) 


_  1  co,  1  u>x  i 

y  ~  *-*  ~  ~~  y 

,  ku:  ka,u. 

S.1*.  t  ° 
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It  is  immediately  apparent  that  the  vertical  induced  velocity  behind  the 
forward  foil  varies  from  full  downwash  immediately  behind  it,  through  un¬ 
disturbed  flow  at  ons-quarter  wave  length,  to  full  upwash  at  one-half 
wave  length o  The  most  favorable  location  for  the  rear  foil  is,  then, at 
the  point  of  full  upwash  at  which  the  mutually  induced  drag  assumes  a 
negf«ive  value,  equivalent  to  an  effective  forward  thrust.  The  location 
is  a  function  only  of  speed  and  can  be  tabulated  independently  of  the 
geometry  of  the  craft.  As  can  be  noted,  the  foil  separation  required 
for  full  upwash  at  the  rear  foil  becomes  somewhat  excessive  with  appre¬ 
ciable  speeds. 


Foil  Separation  for  Full  Upwash  at  Rear  Foil 

Speed  (knots)  15  30  h$  60 

Separation  (ft.).  63  250  563  1000 

Values  of  the  cosine  function  in  the  expression  for  downwash  are  pre¬ 
sented  in  Figure  (20),  for  use  in  analysis  of  specific  tandem  configu¬ 
rations.  As  indicated  by  the  figure,  the  realization  of  full  upwash  at 
the  rear  foil  can  be  expected  only  with  very  large  craft,  unless  the 
operating  speeds  are  rather  low. 

The  complete  analysis  of  tandem  configuration  becomes  a  problem  of 
optimization  of  hydrodynamic  and  structural  requirements,  similar  to 
that  conducted  for  the  single  foil.  It  may  be  possible,  however,  to 
derive  some  significant  conclusions  from  inspection  of  typical  examples, 
without  the  elaborate  studies  necessary  for  a  rigorous  analysis. 

Consider,  for  example,  a  oase  in  which  a  single  foil  has  been  selected, 
at  a  specified  design  speed  and  craft  gross  weight,  for  the  attainment 
of  maximum  (i/D).  It  is  desired  to  determine  whether  an  equivalent  tan¬ 
dem  configuration  can  be  designed  to  produce  the  same  performance  as 
that  of  the  single  foil.  It  will  be  assumed  that  the  two  tandem  foils 
are  identical,  and  each  carry  one-half  the  total  gross  weight;  and  that 
each  foil  carries  the  same  number  of  strute  as  the  single  foil.  Each 
tandem  foil  can  then  be  considered  as  a  scaled -clown  counterpart  of  the 
single  foil. 

If  the  tandem  configuration  is  to  have  the  same  performance  characteris¬ 
tics  as  the  single  foil,  its  parasite  and  induced  drags  must  be  equal  to 
those  of  the  single  foil.  Inspection  of  equations  (58)  and  (59)  reveals 
that  these  requirements  oan  be  mot  if  certain  geometrical  conditions  are 
satisfied,  neglecting  for  the  moment  the  possible  effects  of  downwash  or 
upwash. 
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For  equality  of  parasite  drags,  denoting  the  single  foil  by  the  sub¬ 
script  (  o  )> 


(72)  c>n  *  ^ 

A0  +  80&1---  A,  + 


For  equality  of  induced  drags,  neglecting  the  possibilities  of  upwash  for 
the  moment, 


Combining  equations  (72)  and  (73),  the  conditions  of  equality  of  both 
parasite  and  Induced  drags  are  satisfied  if 


ctu  +[A>-A,]  --  o 


The  relationships  defined  by  the  various  symbols  in  equation  (7U),  de¬ 
fined  in  equation  (59),  can  be  studied  to  ascertain  if  equation  (75)  can 
be  reasonably  satisfied. 

Considering  first  the  quantity  (  Ao”Ai  ) ,  it  is  seen  that,  if  the  strut 
chord  is  assumed  to  vary  directly  with  foil  chord,  this  quantity  vanishes 
if  the  ratio  of  foil  submergence  to  span  is  held  constant.  This  would 
appear  to  be  an  entirely  reasonable  allowance,  since  the  same  roll  angle 
would  then  be  possible  with  either  configuration. 

If  the  same  ratio  of  foil  submergence  to  3pan  is  maintained,  it  is  seen 
that  the  quantity  (%/£»•  )  is  unity.  Equation  (7U)  can  then  be  satisfied 
if(B*SB,)o  From  the  definition  of  the  term  (  ft  ) ,  it  is  seen  that, 
since  the  single  and  tandem  foils  have  the  same  unit  loadings,  the  desired 
equality  is  satisfied  if  the  struts  have  the  same  ratios  of  length  to  foil 
span.  It  is  thus  apparently  possible,  quite  aside  from  considerations  of 
ujwmsh,  to  design  a  tandem  configuration  which  has  performance  equal  to 
that  of  the  equivalent  single  foil. 

Certain  practical  considerations  should  be  noted,  however,  before  too  much 
credence  is  attached  to  this  rather  elementary  analysis  of  the  potentiali¬ 
ties  of  tandem  craft.  First  it  should  be  noted  that  the  example  studied 
permitted  equal  performance  of  the  tandem  and  single  foil  craft  if  the 


OOliriDENTIAL 


38 


ratios  of  strut  length  to  foil  span  were  held  constant.  Since  the  as¬ 
pect  ratios  were  constant  and  the  area  of  the  tandem  foil  was  one-half 
that  of  the  single  foil,  however,  the  span  of  the  tandem  foil  wa3  re¬ 
duced,  hence  the  length  of  strut  above  the  water  surface  was  reduced o 
Such  would  appear  to  be  not  permissible,  since,  if  the  hull  can  safely 
be  run  closer  to  the  water,  it  would  be  only  reasonable  to  shorten  the 
struts  of  the  single  foil  with  which  comparison  is  made,  thus  making  its 
(l/D)  higher. 

It  would  therefore  appear  that  a  more  reasonable  requirement  would 
specify  that  the  strut  length  above  the  water  surface  should  remain 
constant,  in  which  case  (Bj )  Bo  )„  The  desired  condition  that  /$*•) 

would  be  possible  only  if  ).  This  would,  however,  require  that 

the  tandem  foil  ratio  of  submergence  to  span  be  greater  than  that  of  the 
single  foil,  which  would  in  turn  cause  (A* )  to  be  greater  than  (  /\o  )• 

The  condition  for  equality  of  parasite  and  induced  drags  of  the  tandem 
and  single  foils  would  then  not  be  satisfied. 

Applying  the  same  reasoning  to  other  possible  variations  of  geometry, 
it  is  apparent  that  the  use  of  tandem  foils  is  accompanied  by  some  in¬ 
creases  of  either  parasite  drag,  induced  drag,  or  both.  The  magnitudes 
of  such  increases  depend,  of  course,  upon  the  particular  geometries 
under  consideration. 

It  i3  of  course  readily  apparent  that  the  effects  of  dcwnwash  upon  the 
rear  foil  would  aggravate  the  situation  with  regard  to  increase  of  tan¬ 
dem  drag  over  that  of  the  equivalent  single  foil.  It  is  thus  immediately 
apparent  that,  if  the  tandem  arrangement  is  to  have  performance  equal  to 
that  of  the  single  foil,  the  rear  foil  must  be  operated  in  a  region  of 
upwash.  It  is  entirely  probable  that  the  effects  of  such  upwash  would 
condensate  for  the  inherent  inferiority  of  the  tandem  arrangement.  It 
has  already  been  shewn, -however,  that  location  of  the  rear  foil  in  the 
upwash  ragion  may  involve  rather  large  craft. 

It  would  appear,  therefore,  that  consideration  of  tandem  arrangements 
should  be  based  upon  other  than  maximum  (L/D)  requirements,  unless  full 
confidence  is  placed  in  the  existing,  rather  inadequate  theories  with 
regard  to  upwash.  It  should  be  further  noted,  however,  that  the  losses 
inherent  in  tandem  arrangements  are  probably  relatively  small,  and  that 
entirely  acceptable  performance  should  be  obtained  with  either  tandem  or 
single  foil  craft. 
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Effect  of  Stabilizing  surfaces  upon  Attainable  (L/P) 

Whereas  the  general  configuration  studies  outlined  in  the  pre¬ 
vious  discussion  are  cased  upon  a  single-foil  configuration, 
without  allowances  for  the  effects  of  stabilizing  foils  or 
planing  surfaces,  it  is  of  course  necessary  to  include  con¬ 
sideration  of  the  requirements  for  3uch  means  of  stabilization 
in  the  design  of  any  particular  hydrofoil  craft.  Although  the 
design  details  cf  the  stabilizing  surface,  hence  its  effect 
upon  performance,  will  depend  upon  the  characteristics  of  the 
craft  for  which  it  is  required,  certain  general  estimates  can 
be  made  of  the  order  of  magnitude  of  the  effects  which  can  be 
expected  with  the  type  of  craft  under  consideration  in  these 
studies . 

On  the  basis  of  preliminary  static  and  dynamic  stability  studies, 
outlined  in  a  separate  division  of  this  report,  it  is  possible 
to  write  an  equation  which  defines  the  required  tail  area  in 
terms  of  main  foil  area.  This  equation  is  useful  in  preliminary 
design  studies,  but  it  should  be  emphasized  that  more  detailed 
studies  should  be  made  before  considering  the  design  completely 
defined. 


The  preliminary  equation  for  tail  size  is 


(7!>) 


in  which 
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Determination  of  required  tail  size  for  any  particular  configu¬ 
ration  becomes  a  trial  and  error  process  in  which  assumed  tail 
geometries  are  checked  both  against  equation  (7$),  and  the  al¬ 
lowable  structural  limits  of  equations  (51)  and  (52) .  As  is  the 
usual  case  with  design  of  aircraft  stabilizing  surfaces,  such  a 
trial  and  error  process  is  repeated  until  the  desired  stability 
conditions  are  satisfied  at  the  minimum  cost  in  added  tail  drag* 

Preliminary  design  studies  conducted  concurrently  with  the  general 
studies  which  are  the  subject  of  this  report  indicate  that  reason¬ 
able  approximations  to  tail  size  and  tail  drag  can  be  made  in  a 
relatively  short  time.  Again  as  in  aircraft  design,  it  is  antici¬ 
pated  that  actual  tests  of  full  scale  hydrofoil  craft  will  greatly 
clarify  many  of  the  problems  with  regard  to  stabilization,  with 
the  result  that  estimation  of  requirements,  and  prediction  of  the 
penalties  involved,  will  be  greatly  facilitated. 

Based  upon  the  studies  conducted  vrith  several  preliminary  designs 
under  consideration,  it  apj^ars  likely  that  tail  area  requirements 
will  be  of  the  order  of  twenty-five  percent  of  the  main  foil  area, 
with  an  accompanying  drag  increase  of  approximately  twenty-five 
percent.  Under  the  assumption  that  at  the  cruise  condition  the 
tail  will  contribute  no  lift  to  the  craft,  its  drag  increase  can 
be  changed  entirely  to  parasite  drago 

It  is  therefore  possible  to  generally  state  the  order  to  magnitude 
of  the  effects  of  stabilizing  tails  upon  the  attainable  (L/D)  of 
the  craft: 

Tail  size  will  probably  be  of  the  order  of  twenty-five  percant 
of  the  main  foil  area. 

Net  parasite  drag  will  probably  be  increased  alxmt  twenty-five 
percent. 

Maximum  attainable  (L/D)  will  probably  be  reduced  about  ten 
to  twelve  percent. 

The  speed  at  which  maximum  (L/D)  is  attained  will  probably  be 
increased  about  five  to  six  percents 
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Effect  of  Control  Surfaces,  Flaps,  etc,  upon  Attainable  (L/P) 


It  appears  that  the  great  majority  of  design  studies,  as  well  as 
actual  construction  programs,  with  regard  to  hydrofoil  craft,  have 
utilized  the  water  surface  as  a  primary  controlling  element  in  the 
stabilisation  of  the  craft »  This  has  been  achieved  by  providing 
either  oblique  foils  which  pierce  the  water  surface,  or  planing 
surfaces  which  rely  upon  direct  contact  with  the  water  surface  for 
their  successful  operation.  It  is  considered  obvious  that  the  drag 
losses  inherent  in  either  system  are  appreciable. 

On  the  other  hand,  it  is  considered  highly  probable  that  an  effec¬ 
tive  means  of  stabilization  can  be  provided,  at  an  appreciably  lower 
cost  in  drag,  by  utilizing  movable  control  surfaces  located  directly 
on  the  main  foil.  The  craft  can  then  be  virtually  divorced  from  the 
water  surface,  except  of  course  for  its  struts  which  can  be  designed 
to  produce  minimum  drag.  Elimination  of  the  requirement  that  the 
foils  pierce  the  surface  also  eliminates  the  necessity  for  dihedral, 
and  the  foil  can  be  designed  with  a  horizontal,  maximum  (L/D),  geometry. 

A  review  of  some  tests  made  in  Germany  upon  flap  effectiveness  indicates 
remarkable  similarity  between  flap  performance  on  hydrofoils  and  flap 
performance  as  usually  found  in  aircraft  practice.  It  therefore  ap¬ 
pears  quite  reasonable  to  apply  the  same  control  surface  design  philo¬ 
sophy  to  hydrofoil  craft  as  is  ordinarily  applied  to  aircraft  design. 

The  most  serious  limitation  with  regard  to  the  application  of  movable 
surfaces  to  hydrofoils  is  physical,  rather  than  theoretical.  Some 
drag  increase  is  probably  to  be  expected,  due  to  the  restricted  dimen¬ 
sions  of  the  basic  hydrofoils  involved  and  the  probability  that  the 
addition  of  control  surfaces  will  require  that  such  dimensions  be  in¬ 
creased  if  the  hinges  and  actuating  mechanisms  are  to  be  carried  in¬ 
ternally,  or  that  3uch  items  be  carried  outside  the  basic  structure, 
where  they  can  be  expected  to  contribute  some  drag. 

Under  the  conditions  of  relatively  turbulent  flow  assumed  in  the 
studies  outlined  herein,  however,  it  is  considered  quite  likely  that 
the  drag  contribution  of  control  surfaces  will  be  appreciably  lower 
than  that  of  the  oblique  foils  or  planing  surfaces  which  they  replace. 

Based  primarily  upon  experience  with  similar  applications  in  aircraft 
design,  it  is  assumed  that  a  reasonable  estimate  of  the  order  of  mag¬ 
nitude  of  the  drag  increases  chargeable  to  control  surfaces  will  be 
approximately  ten  percent,  with  a  consequent  reduction  of  attainable 
(L/D)  of  about  five  percent. 
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CAVITATION  CONSIDERATIONS 


Incipient  Cavitation 

An  extremely  important,  if  not  the  most  important,  consideration 
in  the  design  of  hydrofoil  craft  is  the  phenomenon  of  cavitation. 
Although  there  appears  to  be  some  mystery  as  to  just  what  happens 
•when  cavitation  is  present,  it  is  possible  to  predict  with  some 
degree  of  accuracy  both  where  and  when  it  commences. 

It  is  generally  agreed  that  cavitation  begins  when  the  local 
pressure  at  any  point  on  a  submerged  surface  is  at  or  below  the 
local  vapor  pressure  of  the  surrounding  water.  A  vapor  bubble 
forms,  due  to  the  vaporization  of  the  water.  This  bubble  may 
remain  relatively  stationary,  or  roay  be  carried  downstream  if 
the  pressure  distribution  along  the  surface  is  near  enough  to 
vapor  pressure  to  permit  it  to  do  so. 

Two  phenomena  are  of  interest  in  the  study  of  cavitation.  First, 
if  cavitation  takes  place  on  a  lifting  surface  such  as  a  hydro¬ 
foil,  formation  of  the  cavitation  bubble  is  usually  accompanied 
by  a  simultaneous  loss  of  lift  and  increase  cf  drag.  Second,  and 
most  dramatic,  is  theerossive,  sometimes  catastrophically  so, 
effect  of  cavitation  upon  the  surface  of  the  body  involved.  One 
explanation  of  this  errosion  attributes  it  to  the  enormous  water- 
hammer  forces  exerted  upon  the  surface  when  the  cavitation  bubble 
collapses.  It  is  with  the  lift  and  drag  changes,  however,  that 
principal  interest  is  centered  in  the  present  studies. 

It  is  convenient  to  express  the  excess  of  pressure  over  that  of 
vaporization  in  coefficient  form,  the  ''Cavitation  Number"  usually 
referred  to  in  hydrodynamic  work, 


(76) 

>.r.  t»v 

in  which 

1 

p  is  the  local  static  pressure. 

! 

pv  is  the  local  vapor  pressure. 

i 

is  free-stream  dynamic  pressure 
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The  pressure  ooeffioient  at  any  ohordwise  location  on  a  lifting 
hydrofoil  is 


in  which  ( f^o)  is  free-streaa  total  prassura. 

From  Bernoulli's  Equation, 

(78)  Mo  s  \>*  +  i 

in  which  (  ^«  )  is  free-strem  static  prassura. 

Combining  equations  (77)  and  (78), 

(79)  -  9.  "I  ) 

Than,  ocobining  aquations  (76)  and  (79) ,  the  oaritation  number, 
referred  to  the  hydrofoil  section  pressure  coefficient,  is 

(so  4  *  -  (c,-0 

Typical  ralues  of  (  £*y)  in  sea-water  are: 

Water  Temp.  (°F)  i*0°  50°  60°  70°  80° 

Vapor  Press,  (psf)  17.28  25.92  36.00  53.30  72.00 

The  oaritation  number  expressed  by  equation  (60)  is  thus  seen  to 
oonsist  of  ten  independent  tanas.  The  first,  (\y (**)/$•  ,  is 
entirely  a  function  of  depth  of  submersion,  water  temperature, 
and  free-streen  conditions.  The  second,  (Cp- {  ),  is  a  function 
of  the  pressure  distribution  characteristics  of  the  particular 
foil  section  under  consideration,  and  is  independent  of  Its 
location.  It  is  therefore  possible  to  ascertain,  easily,  the 
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cavitation  limits  of  a  foil  by  comparing  its  minimum  pressure 
coefficient  with  the  first  term  of  equation  (80),  which  can  be 
designated  the  "Location  Cavitation  Number." 


(81) 


"Location  Cavitation  Number" 


i 
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For  depth  of  submersion  ( H.  )  in  feet,  velocity  (  V  )  in  knots, 
and  assuming  standard  sea-water  at  f>0°Fo,  equation  (81)  becomes, 

Typical  values  of  this  "Location  Cavitation  Number,"  against  which 
the  character! sties  of  particular  hydrofoils  can  be  compared,  are 
shown  by  Figure  ( 21) . 

The  second  term  of  equation  (80),  being  entirely  dependent  upon 
the  pressure  characteristics  of  each  hydrofoil  under  consideration, 
can  be  designated  tiie  "Section  Cavitation  Number,"  and  has  the  value 


(83)  "Section  Cavitation  Number" 

=  (CrO 

It  is  now  readily  apparent  that  incipient  cavitation  conditions 
are  defined  by  the  condition  that 

(814)  s  /s 

Selection  of  a  hydrofoil  profile  must  take  into  account  several 
requirements.  Unfortunately,  it  is  seldom  possible  to  find  a  foil 
section  which  satisfied  all  of  the  desires  of  the  designer  of  the 
craft  upon  which  it  is  to  be  used.  Sections  with  inherently  high 
(L/D)  characteristics,  for  example,  are  usually  limited  to  rela¬ 
tively  low  speeds  by  their  cavitation  characteristics.  On  the 
other  hand,  sections  with  high  incipient  cavitation  speeds  are 
usually  poor  sections  with  which  to  attempt  to  attain  high  (L/D) 
values. 
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As  a  general  rule,  cavitation  speeds  can  be  increased  by  slightly 
rounding  the  foil  leading  edge,  providing  some  c saber,  and  making 
the  foil  as  thin  as  possible.  Ths  effects  of  camber  upon  Section 
Cavitation  Humber  are  aho wn  by  figure  (22).  The  effects  of  thick¬ 
ness  are  shoim  by  Figure  (23). 

It  is  immediately  apparent  that,  whereas  minimum  thickness  ie 
desirable  from  the  standpoint  of  cavitation,  structural  considera¬ 
tions  place  definite  limits  upon  thickness.  These  limits  become 
rather  severe  when,  as  in  the  present  studies,  high  (L/D)  is 
the  primary  objective  of  the  designer.  As  indicated  by  equation 
(3l) ,  minimum  thickness  and  maximum  aspect  ratio  are  not  compati¬ 
ble  requirements.  It  therefore  appears  Quite  logical  to  conclude 
that  the  attainment  of  high  values  of  (L/D)  rauat  be  at  the  expense 
of  cavitation  speeds,  and,  conversely,  high  cavitation  speeds  must 
preclude  the  attainment  of  the  highest  (L/D). 

The  similarity  of  this  conclusion  to  that  which  is  considered  al¬ 
most  axiomatic  in  aircraft  design  is  readily  apparent.  High  (L/D), 
or  high  speed,  hydrofoil  craft  are  seen  to  present  problems  analo¬ 
gous  to  those  of  high  (L/D)  transport,  or  high  speed  fighter  type, 
aircraft o 
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Critical  Cavitation  Speed 


Selection  of  a  hydrofoil  section  for  operation  at  a  desired  speed 
is,  as  indicated  in  the  previous  discussion,  a  matter  of  deter¬ 
mination  of  the  Section  Cavitation  Number  from  the  section  pres¬ 
sure  distribution,  then  comparison  of  that  number  with  the 
Location  Cavitation  Number  corresponding  to  the  speed  and  depth 
of  submersion  desired.  For  profiles  for  which  the  data  at  hand 
include  pressure  distributions,  this  is  a  relatively  simple  task. 
The  distribution  shown  by  Figures  (22)  and  (23),  for  example,  can 
be  directly  compared  with  the  Location  Cavitation  Numbers  of 
Figure  (21)  to  obtain  the  limits  of  cavitation-free  operation 
of  the  particular  sections  shown. 

Such  a  process,  however,  can  become  extremely  tedious  when  it  is 
necessary  to  analyse  foil  sections  for  which  pressure  distribu¬ 
tions  are  not  available.  It  is  therefore  desirable  to  find 
another  method  of  estimation  of  the  speed  corresponding  to  inci¬ 
pient  cavitation  conditions,  or  the  "Critical  Cavitation  Speed." 

Much  of  the  published  data  regarding  characteristics  of  high 
speed  airfoils  include  predictions  of  the  critical  Mach  numbers 
of  the  profiles.  This  critical  Mach  number  is  defined  as  the 
speed,  expressed  as  a  percentage  of  the  velocity  of  sound,  at 
which  the  local  flow  velocity  at  some  point  on  the  section  reaches 
sonic  velocity.  Thus,  a  section  with  a  critical  llach  number  of 
0.9  (speed  is  nine-tenths  sonic  velocity)  has,  somewhere  on  its 
surface,  a  local  velocity  equal  to  the  speed  of  sound  (Mach  num¬ 
ber  of  unity). 

Critical  Mach  number  derives  its  significance  from  the  fact  that, 
at  the  free-stream  speed  necessary  to  produce  sonic  velocity 
sosmwhere  on  the  foil  surface,  the  lift  commences  to  drop  off 
and  the  drag  to  rise.  This  is  of  course  recognised  as  the  same 
process  which  takes  place  after  the  speed  for  incipient  cavitation 
is  reached.  If  the  equivalence  of  critical  cavitation  speed  in 
water  and  critical  Mach  number  in  air  can  be  established,  a  great 
deal  of  published  data  regarding  high  speed  airfoils  can  be  made 
available  to  the  atudy  of  hydrofoils. 

Since  the  critical  Mach  number  represents  a  free-stream  flight 
speed,  it  can  be  expreseed  as  a  pressure  coefficient,  for  any 
foil  section  under  consideration.  It  can  then  be  compared  di¬ 
rectly  with  the  Location  Cavitation  Number  which  is,  as  indicated 
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by  equation  (81),  merely  a  pressure  fi .  u-ient  corresponding  to 
critical  cavitation  conditions. 


Typical  valuss  of  the  critical  prsa  a  ficient  corresponding 
to  critical  Mach  number  are:  (Ref.  J') 

( Men)  *9  »8  6  oh 

(G^)  .0779  .  2380  <1:960  1.620  2.900 

Critical  pressure  coefficient  is  piclt.'d  .  j  function  of  critical 
Mach  number  in  Vigure  (2U)< 


Equating  the  critical  pressure  coeiucis.H  cu  the  Location  Cavi¬ 
tation  Number  of  equation  (82),  and  solv^rty  lor  speed,  the  critical 
cavitation  speed  is  then  defined  by 


&  \"'/z 


(85) 


\/w  --  4,75  (K.+  32-5)  (Cfc,) 


Thi3  can  be  plotted  as  in  Figure  (25),  to  obtain  a  convenient  con¬ 
version  from  critical  Mach  number  in  air  to  critical  cavitation 
speed  in  water. 

Typical  section  data,  giving  critical  Mach  numbers  as  functions  of 
operating  lift  coefficient,  are  as  shown  by  Figure  (26).  These 
can  be  converted  to  cavitation  speeds  by  use  of  Figure  (25),  to 
obtain  the  relationships  between  critical  cavitation  number  and 
lift  coefficient,  as  shown  by  Figure  (27) » 

Examination  of  a  representative  number  of  airfoil  sections,  and 
conversion  of  their  critical  Mach  numbers  in  air  to  critical  cavi¬ 
tation  speeds  in  water,  indicates  that  practical  hydrofoil  sections 
can  be  expected  to  demonstrate  critical  cavitation  speeds  as  shown 
by  Figure  (28).  Some  improvement  can  doubtless  be  realized  by 
design  refinement,  but  the  curve  shown  is  considered  to  represent 
a  reasonable  prediction  of  the  limits  attainable  with  average  de¬ 
sign  techniques- 
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Significance  of  "Critical  Cavitation  Speed11 

Although  it  appears  quite  possible  to  predict  the  critical 
cavitation  speed  of  a  hydrofoil,  either  by  comparison  of  its 
pressure  coefficient  with  the  Location  Cavitation  Number  or  by 
conversion  of  its  critical  Uacn  number  to  critical  cavitation 
speed,  it  is  not  at  all  clear  just  how  serious  this  limitation 
is  upon  hydrofoil  operation.  As  in  the  aerodynamic  case,  at¬ 
tainment  of  critical  speed  does  not  appear  to  bring  immediately 
disastrous  results. 

Although  the  lift  and  drag  changes  which  appear  after  the  criti¬ 
cal  speed  is  passed  deserve,  at  least  according  to  airfoil  theory, 
serious  consideration,  they  do  not  appear  to  manifest  themselves 
until  the  critical  speed  has  been  exceeded  by  about  ten  percent® 
Numerous  tests  of  airfoils,  and  a  few  hydrofoil  tests,  seem  to 
substantiate  this  conclusion.  It  therefore  appears  quite  reason¬ 
able  to  assume  that  the  critical  cavitation  speed  pan  be  exceeded 
by  about  ten  percent  without  seriously  affecting  the  performance 
of  the  hydrofoil  craft. 

There  is  very  little  data  available,  however,  regarding  the  lift 
and  drag  characteristics  of  hydrofoils  operating  at  speeds  in  ex¬ 
cess  of  the  critical  speed,  particularly  in  the  speed  range  be¬ 
tween  incipient  and  complete  cavitation.  It  is  considered  quite 
likely  that  the  drag  rise  which  starts  soon  after  the  critical 
speed  is  reached  probably  approaches  a  maximum  value  after  the 
foil  i3  completely  cavitated.  No  reliable  estimates  of  3uch  char¬ 
acteristics  have  been  found,  however,  to  either  confirm  or  deny 
this  assumption,  although  some  German  work  (Aef®  32)  indicates 
that  the  problem  was  given  consideration  in  the  design  of  the  high 
speed  hydrofoil  boats  built  in  that  country® 

The  determination  of  performance  characteristics  of  hydrofoils 
at  speeds  in  excess  of  the  critical  cavitation  speed  i3  therefore 
considered  to  be  a  subject  warranting  a  high  priority  in  any 
studies  in  which  high  speed  is  of  primary  interest® 
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Possible  Advantages  of  Sweepback  and  Boundary  Layer  Control 


The  analogy  between  critical  cavitation  number  in  water  and 
critical  Mach  Number  in  ail*  suggests  the  possibility  of  delay¬ 
ing  cavitation  by  application  of  the  same  philosophy  to  hydro¬ 
foils  as  that  applied  to  airfoils  for  delay  of  critical  Mach 
Number.  The  use  of  high  speed  section  profiles  has  already  been 
established  as  desirable.  It  appears  likely  that  sweepback  and 
boundary  layer  control  can  also  prove  advantageous 

The  application  of  sweepback  to  hydrofoil  planfo-m  can  be  ex¬ 
pected,  as  in  the  case  of  airplane  wings,  to  reduce  the  section 
pressure  coefficient  by  a  factor  proportional  to  the  square  of 
the  cosine  of  the  angle  of  sweep.  This  reduction  is  primarily 
a  function  of  the  velocity  component  normal  to  the  foil  leading 
edge,  the  component  parallel  to  the  leading  edge  having  no  in¬ 
fluence  upon  the  section  pressure  coefficient.  Although  the  pre¬ 
cise  correction  i3  affected  by  aspect  ratio  a3  well  as  sweepback 
eagle,  the  order  of  magnitude  is  approximated  by  tie  cosine  re¬ 
lationship  stated. 

It  is  of  course  necessary,  in  the  use  of  sweepback  tc  increase 
critical  cavitation  speeds,  to  properly  assess  the  structural 
modifications  necessary  to  achieve  such  sweepback.  Torsion  and 
bending  can  no  louver  be  considered  as  independent  phenomena,  as 
is  usually  the  case  with  straight  foils,  and  some  penalty  can 
be  expected  in  .he  form  of  increased  thickness,  reduced  aspect 
ratio,  etc.  It  is  considered  highly  probable,  however,  that  the 
net  gains  can  bo  highly  attractive,  as  evidenced  by  the  almost 
universal  use  of  sweepback  on  high  speed  aircraft. 

The  use  of  boundary  layer  control  as  a  means  of  improving  hydro¬ 
foil  performance  appears  to  offer  soire  advantages,  although  no 
attempt  is  made  here  to  assess  the  costs  of  such  control  in  terms 
of  power  requirements.  It  would  of  course  be  theoretically  de¬ 
sirable  to  completely  remove  the  boundary  layer  ana  possibly 
reduce  the  flow  to  laminar  conditions.  Practical  considerations, 
however,  based  \ipon  studies  of  the  subject  with  aircraft,  indi¬ 
cate  that  the  power  requirements  for  such  complete  removal  would 
probably  negate  the  advantages  to  be  gained,  and  a  reasonable  com¬ 
promise  involves,  control,  rather  than  complete  removal,  of  the 
boundary  layer. 

The  use  of  boundary  layer  control  is  therefore  suggested  as  a 
possible  means  of  improving  hydrofoil  performance,  although  no 
attempt  is  made  to  predict  the  improvements  which  might  be  ex¬ 
pected.  It  is  considered  highly  probable  that,  quito  aside  from 
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performance  considerations 3  control  of  the  cavitation  bubble 
may  reduce  orrosion  difficulties  which  constitute  a  serious 
aspect  rtf  the  cavitation  problem.  Further  investigation  of 
the  general  subject  of  hydrofoils  should  probably  include  some 
consideration  of  the  possibilities  of  boundary  layer  control* 
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INTRODUCTION 


The  main  objective  of  this  contract,  as  stated  in  a  preceding 
section,  is  to  procure  general  preliminary  design  data  for 
hydrofoil  configurations  that  may  be  used  in  tne  design  of 
hydrofoil  craft,  said  designs  to  produce  the  greatest  possible 
lift-drag  ratio-  For  that  reason  and  because  experience  is 
limited,  the  initial  structural  investigation  on  this  hydro¬ 
foil  project  differs  to  some  extent  from  the  preliminary  de¬ 
sign  investigation  of  a  new  type  aircraft  or  surface  vessel. 

The  structural  investigation  to  obtain  such  preliminary  design 
data  is  not  primarily  interested  in  the  vessel's  complete  con¬ 
figuration,  but  the  structural  study  is  concerned  with  the 
particular  configurations  of  the  column-foil  arrangements  for 
any  single  unit.  In  other  words,  it  isn't  of  any  immediate 
structural  interest  whether  the  vessel's  configuration  obtains 
two,  equal,  tandem,  column-foil  arrangements;  an  axuiliary 
foil  forward;  or  an  auxiliary  foil  aft.  The  load  distribution 
among  the  foilB  is  also  not  of  primary  structural  interest  in 
the  initial  studies. 

To  obtain  high  lift-drag  ratios,  the  aspect  ratio  and  hydrofoil 
thickness  ratio  are  of  utmost  importance.  Likewise,  these  two 
items  are  of  primary  importance  from  the  structural  point  of 
view.  A  high  aspect  ratio  is  of  greater  importance  to  hydro¬ 
foils  which  are  to  operate  at  largo  lift  coefficients  than  for 
the  hydrofoils  which  are  to  operate  at  low  lift  coefficients 
(see  Hydrodynamics  section).  Thus,  the  aspect  ratio  and  thick¬ 
ness  ratio  which  are  physically  possible  become  functions  of 
the  type  of  loading  which  i3  assumed  on  the  column-hydrofoil 
configuration.  Also,  they  are  a  function  of  the  mechanical 
properties  of  the  materials  from  which  they  are  to  be  fabricated. 
To  a  lesser  extent,  the  aspect  ratio  and  thickness  ratio  are 
functions  of  any  auxiliary  control  device  which  is  to  be  in¬ 
stalled  on  the  columns,  struts  or  foils. 

To  obtain  the  highest  possible  lift-drag  ratios,  it  also  becomes 
requisite  to  submerge  the  foil  to  as  great  a  depth  below  the 
water  surface  as  is  structurally  permissible  without  increasing 
its  thickne33  or  chord  (see  Hydrodyanmica  section  for  discussion 
of  this) .  The  distance  from  the  water  surface  to  the  keel  is  a 
function  of  the  wave  conditions  in  which  the  ship  is  intended  to 
operate.  These  two  items  have  important  bearings  upon  the  struts 
and  bents,  as  will  be  seen  later. 

At  th8  outset,  certain  physical  sizes  are  needed  to  permit  the 
initial  preliminary  hydrodynamic  estimates  to  be  made.  It  was 
necessary,  therefore,  to  determine  quickly  the  likely  ranges  of 
sizes  for  struts  and  hydrofoils,  using  economically  the  various 


structural  materials.  To  this  end  the  first  series  of 
charts  and  tables  were  prepared.  As  the  project  progressed, 
certain  of  the  initial  assumptions  were  found  to  need  modi¬ 
fication  and  some  of  the  configurations  were  found  unusable. 

The  approach  to  the  problem  is  in  a  step-by-step  fashion, 
commencing  with  the  most  elementary  configuration.  Many  of 
the  initial  charts,  figures,  and  tables  remain  useful  in 
reaching  the  final  design  configuration.  For  that  reason, 
the  selections  of  the  parameters  which  are  used  in  the  charts 
are  based  upon  the  order  in  which  data  are  obtained  in  com¬ 
mencing  any  preliminary  design. 

The  structural  considerations  are  directed  mainly  to  the  Hydro¬ 
foils  and  struts.  Then  considerations  are  given  to  available 
materials  and  methods  of  fabrication  and  to  strength  for  con¬ 
trol  surfaces. 


Scope: 

Most  hydrofoil-3trut  arrangements  may  be  classed  as  single-foil 
and  multi-foil,  or  as  single-strut  and  multi-strut  arrangements. 
The  single-foil  arrangements  have  been  selected  for  the  scops 
of  this  structural  investigation.  Thi3  consideration  is  based 
in  part  upon  the  3hort  period  of  timo  available  to  investigate 
all  possible  configurations.  It  is  also  based  upon  the  fact 
that  the  single-foil  arrangement  will  eliminate  great  changes 
in  load  factor  ’When  passing  through  waves,  will  reduce  inter¬ 
ference  effects,  eliminate  biplane  effects  and  appears  to 
possess  less  structural  difficulties. 


Other  Configurations: 

German  experience  (Ref.l)  indicates  that  hydrofoils  with  dihedral 
were  more  satisfactory  than  hydrofoils  with  a  circular  spanvdse 
shape  i  However,  the  circular  spanwise  shape  was  not  triad 
vdth  multi-struts,  which  would  give  a  scalloped  effect. 

The  use  of  this  shape,  vdth  concomitant  haunching,. may  permit  a 
hydrofoil  of  less  thickness  than  encountered  with  a  flat  hydro- 
foil.  The  total  wetted  area  of  strut  and  hydrofoil  for  any 
given  depth  of  submersion  would  be  less.  It  would  work  in  re¬ 
verse  to  that  of  the  catenary  configuration  which  has  been  pro¬ 
posed  by  Dr.  V.  BushW.  But,  like  the  catenary,  the  disadvan¬ 
tage  of  contouring  a  section  with  a  curvature  in  span  exists.  A 
means  of  reducing  deflection  and  racking  moments  in  the  bents 
would  be  to  use  gabled  bent3  with  inward  sloping  struts.  These 
configurations  are  worthy  of  further  consideration,  but  at  the 
beginning,  it  is  felt  necessary  to  concentrate  entirely  on  one 
configuration  .until  that  one  has  been  thoroughly  explored. 

(1)  Memo  dated  If?  Oct.  19h9  from  Paul  Scheror  to  S.  C.  Ryan. 
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DEFINITIONS  &  SYMBOLS 


The  symbol 3  and  terms  used  in  this  Structures  section  are  de¬ 
fined  below.  No  rigid  set  of  axes  is  adhered  to  in  this 
report.  The  X  and  Y  axes  are  used  for  the  principal  axes  of 
both  the  struts  arid  hydrofoils.  However,  where  the  complete 
sat  of  axes  are  used,  the  right  hand  system  is  used:  (see 
Pig.  12).  The  X-axis  being  positive  aft,  the  Y-axis  being 
positive  up,  and  the  Z-axis  being  positive  from  the  center- 
line  toward  the  left  hand  side0 


constant  in  slope  deflection  equation. 
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&  aspect  ratio  of  member  15 AB". 
b^* 

*>  3  hydrofoil  aspect  ratio  (b  &  S  are  in  same  units). 

s  aspect  ratio  of  tapered  planforo  mono-strut  hydrofoil 
configuration  with  hydrofoil  taper  ratio  of  Q<>5* 

s  aspect  ratio  of  rectangular  planforra  raono-3trut 
hydrofoil  configuration. 

s  mean  inclosed  area  of  a  hollow  section  of  regular 
shape,  square  inches. 

s  cross  section  area  of  section  under  consideration. 

s  t0  O'  s  cross  section  area  of  biconvex  parabolic 

arc  section,  square  inches. 

s  4^  s  constant  in  slope  deflection  equation. 


4'L©C  s  constant  in  slope  deflection  equation. 

Normal  Force 

£  5 

modulus  of  elasticity,  ksi. 


a  foil  nonnal  force  coefficient. 


3 


reduced  modulus,  ksi, 
tangent  modulus,  ksi. 
factor  of  safety. 

allowable  bending  stress  of  the  material,  ksi 
(modulus  of  rupture  in  bending). 


F 
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s  modulus  of  rupture  in  torsion,  ksi. 
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•s.  fixed  end  moment,  kip  “inches, 
w  modulus  of  rigidity  in  shear,  ksi. 
s  horizontal  force  at  base  of  bent,  kilopounds. 

~  section  moment  cif  inertia,  inches^. 

A"  i  A, 

s  Yog*  T0  c,  a  moment  of  inertia  of  a  solid  hydrofoil 
or  strut  of  biconvex  parabolic  arc  contour  about  its 
axis  of  symmetry,  (least  moment  of  inertia),  inches**. 

section  moment  of  inertia  of  member  no.  1,  member  no. 2, 
et  cetera. 

^  _  torsional  constant,  inches^. 


_1l 


as  beam  stiffness  factor  for  member  no.  1. 
s  beam  stiffness  factor  for  member  noQ  2. 


-  beam  bending  moment,  kip-inches. 

s  beam  bending  moment  of  tapered  beam  under  trapezoidal 
load  distribution,  kip-inches. 
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-  number  of  struts. 

z  axial  load,  kilopounds. 

s  critical  budding  load,  kilopounds. 

a  6^4- a  deflection  constant  in  slope  deflection 
equation. 

s  strut  reaction  at  panel  point  HA'*  in  kips, 
s  strut  reaction  at  panel  point  "B11  in  kipa. 
s  strut  constant,  see  Table  I. 
s.  strut  constant  for  strut  "A”,  et  cetera. 

'a  hydrofoil  projected  area,  feet^, 

3  torque,  kilopound-inches , 
a  ~\~}  radians . 

a  length  of  median  boundary  of  hollow  section  of  regular 
shape,  inches. 
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VK 

- 

velocity  in  knots 

W 

= 

weight  in  kilopounds  at  loO  "g" 

b 

tu 

hydrofoil  span  normal  to  direction  of  motion 

= 

span  of  mono-strut  hydrofoil  configuration  of 
taper  ratio  s  0<,5>. 

br 

5S 

span  of  mono-strut  hydrofoil  configuration  of 
rectangular  planform 

c 

= 

chord,  inches 

CF 

« 

hydrofoil  chord,  inches 

cFr 

•• 

<a 

hydrofoil  root  chord,  inches 

S 

section  lift  coefficient 

cn 

a 

section  normal  force  coefficient 

*«* 

root  chord,  inches 

CS 

strut  chord,  inches 

ct 

2 

tip  chord,  inches 

cy 

•** 

«» 

distance  from  centroid  of  a  section  to  extreme 
fiber,  inches 

e 

w 

eccentricity,  inches 

8 

«* 

acceleration  of  gravity,  ft ./sec .2 

0 

r» 

•» 

(length) 

k 

«• 

«* 

~  .  s  chord  ratio 

Op 

ki 

9 

*» 

Vs-K 

t 

M 

length  of  strut,  column,  or  bayj  inches 

W 

length  of  fixedtended  beam,  inches 

k 

length  of  cantilever  beam,  inches 

$3 

« 

length  of  strut,  inches 

k 

length  of  member  no.  1 
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n 

q 

t 

ta 

vr 

wr 

wt 

x 

*r 

y 

ya 

ytip 

yrect 


^tap 


er  - 


a 

2, 


length  of  member  no.  2 
Jl 

— S-  a  strut  length  ratio 

cr 

limit  load  factor  in  terms  of  acceleration  of 
gravity 

2«8S>3  Vk2  a  dynamic  pressure,  paf 
thickness  of  foil,  3kin,  et  cetora,  inches 
skin  thickness,  inches 
load  or  weight  per  unit  length,  kips/inch 
unit  loading  at  root,  kip3/  inch 
unit  loading  at  tip,  kips/inch 
chordwise  (longitudinal)  direction,  inches 
,  inches 


2 

c'&  ,  inches 
*** 
e, 

vertical  distance  along  y-axis,  or  deflection  in 
"y”  direction,  inches 

deflection  at  point  nz"  parallel  to  y~axis,  inches 

deflection  at  beam  tip  in  KyK  direction,  inches 

deflection  of  rectangular  planform  hydrofoil  with 
constant  moment  of  inertia  and  uniform  load,  inches 

deflection  of  unifoxmly  tapered  planform  hydrofoil 
with  uniformly  varying  moment  of  inertia  and 
trapezoidal  spanwise  load  distribution,  inches 

lateral  direction,  inches 

— ijp  ,  inches 
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Subscripts: 


B 

r 


A,  B,  C,  D,  E,  et  cetera  =  panel  points 
F  r.  foil 

FE  s  fixed  ended  span 
b  3  bending 
c  3  cantilever 
f  s  fixed  ends 
h  a  hollow 
n  s  normal  force 
o  s  initial  or  solid 
r  =  root,  rectangular 
s  s  strut,  skin 
t  s  taper,  tip,  torsion 


section  moment  of  inertia  constants 


3  dihedral  of  hydrofoil,  degrees. 


a  deflection  of  joint  of  bent,  inches 


3  slope,  radians 


®  slope  of  member  AB  at  Panel  Point  "A",  et  cetera 

5  u  deflection,  inches 

s  ratio  of  inside  chord  to  outside  chord  of  hollow 
section 

X  =  ct  ~  taper  ratio  of  hydrofoil 

cr 

Tt  3  3.11059 

~  radius  of  gyration,  inches 
0*  s  normal  stress,  ksi 

(T^  s  allowable  stress,  ksi 

ft  s  bending  stress,  ksi 

V 

grc  s  compressive  stress ,  ksi 

G^u  s  ultimate  bending  stress,  ksi 

(j*  s  critical  stress,  ksi 

ft...  s  tensile  stress  of  material,  ksi 

TU  - 
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2  thickness  ratio  of  hydrofoil  with  taper  ratio  of  0®5» 
s  thickness  ratio  of  hydrofoil 
s  thickness  ratio  of  equivalent  hollow  section 

-  thickness  ratio  of  initial  solid  section 

-  thickness  ratio  of  hydrofoil  of  rectangular 
planform  with  mono-strut 

s  thickness  ratio  of  strut 

s  torsional  shear  stress,  ksi 

-  thickness  ratio  of  member  no.  1 
z  total  angle  of  twist,  radians 

s  M 

ET 


Definition  of  Terms: 

A  column  is  a  long  compression  member  which  stands  vertically. 

A  ToiTTs  that  member  supplying  the  vertical  lifting  force. 

A  strut  is  a  long  compression  member  which  i3  diagonally  placed. 

Units;  In  general,  lengths  are  in  inches,  areas  are  in  square 
inches,  loads  are  in  kilopounds,  and  moments  are  in 
kilopound-inche s ,  unless  otherwise  noted. 

Factor  of  Safety  is  the  ratio  of  the  load  that  would  cause 
failure  of  “a" structural  member,  to  the  load  that  is  imposed 
upon  it  in  service  (normal  operation)® 

Limit  Load  is  the  maximum  load  which  is  expected  to  be  en~  . 
’countered ' in  normal  operation  and  is  equal  to  the  particular 
weight  condition  multiplied  by  the  Limit  Load  Factor® 

Limit  Load  Factor  i3  the  maximum  load  factor  (related  to  a 
specific  axis)  which  is  expected  to  be  encountered  in  normal 
operation. 

Load  Factor  is  the  ratio  of  the  total  force  upon  the  vessel 
to  the  weight  of  the  vessel.  In  terras  of  the  acceleration  of 
gravity,  it  then  becomes  the  ratio  of  the  acceleration  of  the 
body  divided  by  the  acceleration  of  gravity. 

Ultimate  Load  is  the  Limit  Load  increased  by  the  Factor  of 
Safety® 
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SECTION  PROPERTIES:  STRUfS  &  HYDROFOILS 


A  biconvex,  parabolic  arc,  solid  section  is  used  in  deter¬ 
mining  all  of  the  preliminary  structural  design  data  for  the 
struts  and  hydrofoils.  These  data  are  used  in  the  prelimi¬ 
nary  hydrodynamic  calculations.  It  was  found  that  the 
properties  of  these  sections  reasonably  represented  those  of 
the  NACA  61*,  6£  or  66-series  symmetrical  airfoil  sections 
which  might  later  be  employed.  The  cross-sectional  area  and 
the  moment  of  inertia  about  the  chord  line,  Ix,  are  used;  and 
the  moment  of  inertia,  I  ,  normal  thereto  has  not  been  used0 
(Those  two  properties  which  are  used  have  been  checked  numeri¬ 
cally  on  several  chord  sections)* 


For  the  solid,  biconvex,  parabolic  arc  section  (see  Fig.  1), 

i  -v 

represented  by:  y  =  ^  ~  t  where  -•£-  =  ia 

the  maximum  thickness  from  chord  line  to  extreme  fiber,  and 


~  L 
_  A- 


;  the  moment  of  inertia  is  determined  to  be: 


V-T ^ ^ • 

7-  X 

The  cross-sectional  area  is  determined  to  be:  /\s  =  C  . 

Thus,  the  section  modulus  becomes:  —  =  O3  =  Z.  'T^c.2’. 


Biconvex  Parabolic  Arc  Section 
Fig.  1 
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Figures  2  and  3  are  presented  herein  as  examples  to  3hcw  the 
effects  of  varying  certain  physical  parameters.  The  end  re¬ 
sult,  the  least  moment  of  inertia  of  the  section  about  its 
longitudinal  axis  is  not  non-dimensional.  It  appears  best 
not  to  construct  charts  similar  to  these  until  after  the 
size  range  for  the  3hip  under  consideration  is  approximately 
knovra.  Figure  2  presents  moment  of  inertia  as  a  variation 
in  thickness  ratios  for  constant  chords.  Figure  3  shovra  the 
variation  of  moment  of  inertia  for  hollow  sections  with  the 
chord  for  various  thickness  ratios. 

The  effect  on  the  struts  and  hydrofoils,  when  hollow  sections 
are  employed,  are  shown  in  Appendix  1  in  non-dimensional  form. 
The  curves  of  Figures  h9  and  £0  (Appendix  I)  may  be  U3ed  in 
conjunction  with  the  design  charts  (which  are  based  on  solid 
section)  to  obtain  hollow  struts  and  foila. 

It  must  be  remembered  that  as  sizes  become  larger,  the  sections 
will  become  hollow  and  (percentage-wise)  the  skins  will  become 
thinner.  Other  considerations  are  delineated  below  which  may 
influence  the  selection  of  strut  and  foil  shapes  and  sizes  in 
the  ships  of  greater  weights. 


LOADING  CRITERIA 
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After  perusing  all  of  the  data  which  have  been  available  on 
hydrofoils  and  previous  hydrofoil  craft,  it  was  ascertained 
that  usable  information  concerning  structural  loads  and  ap¬ 
plicable  criteria  is  very  limited.  Before  a  large  hydrofoil 
craft  can  be  successfully  designed,  the  vertical,  longitudinal, 
and  lateral  load  factorsTl)  and  accelerations  which  are  en¬ 
countered  at  sea  with  the  type  of  configuration  under  considera¬ 
tion  must  be  previously  determined.  Also,  the  angular  accelera¬ 
tions  in  pitch,  roll  and  yaw  must  be  determined.  The  accelera¬ 
tions  of  the  ship  while  supported  by  the  hydrofoils  and  struts 
may  be  dependent  largely  upon  the  type  of  the  dynamic  stability 
and  control  systems  employed.  These  load  factors  and  accelera¬ 
tions,  as  in  aircraft  design,  must  be  determined  in  order  to 
permit  serviceable  structural  designs  within  the  limits  imposed 
by  weight  and  sizes  of  members. 


Load  Distribution i  (Hydrofoils  &  struts) 

In  this  analysis  no  attempt  is  made  to  determine  or  use  precise 
loadings  on  the  struts  or  hydrofoils.  The  presence  of  struts 
Yihich  attach  to  the  upper  surface  of  the  hydrofoil  affects  thB 
chordwiso  and  spanwiso  load  distributions.  The  presence  of 
stingers  and/or  nacelles  at  the  strut-foil  junctions  likewise 
has  an  effect,  NAGA  data  will  give  the  effect  of  nacelle  shape 
and  location  upon  the  spanwi3e  airload  distribution  for  any  par¬ 
ticular  planform.  Since  the  struts  are  likely  to  cause  a  greater 
modification,  and  the  magnitude  is  not  precisely  known,  the  use 
of  precise  basic  distributions,  for  the  hydrofoil  alone,  are  not 
justified.  However,  an  attempt  has  been  made  to  select  loading 
conditions  and  load  distributions  which  would  not  be  unduly  con¬ 
servative. 

For  instance,  the  spanwise  water  load  distribution  is  considered 
to  vary  uniformly  from  root  to  tip  in  proportion  to  the  chord, 
i.e.,  b, 

CM=  /  cr-  • 

r  b 
t 

For  a  taper  ratio  of  0.£0  the  resulting  spanwise  water  load 
distribution  closely  approaches  the  theoretical  load  distribu¬ 
tion.  It  gives  a  bending  moment  distribution  which  is  not  far 
different  from  the  bending  moment  distribution  for  an  ellip¬ 
tical  load  distribution.  In  the  case  of  rectangular  planforma 
with  multi-struts,  the  presence  of  the  struts  induces  a  shift 
of  the  load  away  from  the  struts »  But  the  distribution  between 
the  struts  approaches  that  of  a  rectangular  distribution.  Then 


(1)  The  term,  "Load  Factor,"  is  defined  under 
Definitions  and  Symbols . 
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the  only  deviation  is  that  involved  for  cantilever  overhang. 

If  the  overhang  is  tapered,  the  resulting  moments  Kill  approach 
those  for  an  elliptical  load  distribution. 

For  the  preliminary  design  data  on  the  hydrofoils,  the  chord- 
wise  center  of  pressure  of  the  load  is  assumed  to  occur  at  the 
quarter-chord  point  of  the  unflapped  hydrofoil.  Where  flaps 
are  used,  it  is  intended  that  the  additional  load  due  to  flap 
deflection  will  be  added  in  separately  at  its  proper  chordwiae 
center  of  pressure,  since  the  principal  axes  of  the  section 
also  shift  vdth  flaps.  Because  the  use  of  flaps  on  the  main 
lifting  surfaces  for  the  vessel  configurations  which  were  under 
consideration  hydrcdynamically  and  dynamically  was  not  contem¬ 
plated  until  late  in  this  contract  phase,  no  general  structural 
preliminary  design  charts  are  presented  for  them. 


Loading  Conditions} 

In  this  analysis  the  external  forces  applied  to  the  ship’s 
structure  are  specified  in  terms  of  Limit  Load  Factorial) .  The 
limit  vertical  load  factors  have  been  taken  as  plus  2g  and 
zero  g,  and  are  assumed,  to  amply  account  for  the  gust  effects. 

This  means  that  when  flaps  are  employed,  the  flap  deflections 
are  limited  to  such  a  value  that  the  resulting  load  will  not 
exceed  limit  load  factors  of  zero  and  2,  (Data  from  Reference 
2  show  that  limit  incremental  vertical  accelerations  from  0.7 
to  0.9  were  not  uncommon;  i.e.,  total  limit  vertical  load  fac¬ 
tors  of  1.7  to  1.9.  Those  data  indicate  that  the  size  of  waves 
compared  to  vessel  displacement,  hull  clearance,  and  forward 
velocity  had  considerable  effect.) 

Side  loads  on  the  struts  are  a  result  of  the  yaw  angle  of  the 
craft.  With  a  given  forward  velocity  of  the  vessel,  and  with 
waves  of  a  specific  height  in  a  beam  sea,  the  orbital  motion  of 
the  waves  creates  a  certain  yaw  angle  on  the  struts.  Where  a 
rudder  becomes  an  integral  part  of  a  strut,  side  loads  and  tor¬ 
sion  are  imposed  by  deflection  of  the  rudder.  The  limiting  side 
load  factor  is  assumed  to  be  not  more  than  1.0  g  and  to  act  in 
combination  7/ith  the  vertical  limit  load  factors  of  2.0  g  and  zero. 

Factor  of  Safety: 

Factors  of  safety^  are  largely  to  account  for  ignorance  in 
loads  or  allowables.  In  structural  engineering,  a  factor  of 
safety  of  3.0  is  often  used  to  keep  the  maximum  working  stress 
safely  below  the  proportional  limit  of  the  material.  But  in 
aircraft  design,  columns  and  struts  are  worked  close  to  the 
yield  stress.  It  seems  likely  that  as  loadings  and  allowables 
of  the  various  configurations  become  better  known  the  factor  of 
safety  may  be  lowered.  This  will  be  desirable  not  only  from 
structural  weight  saving  (which  may  become  important),  but  also 
from  hydrodynamic  limit  on  physical  sizes  to  obtain  satisfactory 
performance. 

(1)  The  term,  "Limit  Load  Factor,"  is  defined  under  Definitions  and  Symbols. 

(2)  The  term,  "Factor  of  Safety,"  is  defined  underDefinitions  and  Symbols. 
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CONFIGURATIONS 


The  two  main  struotural  items  comprising  any  configuration  are 
struts  and  hydrofoils.  Innumerable  wayB  exist  for  assembling 
these  essential  parts;  some  appear  better  than  others.  Even 
in  the  single-foil  arrangement,  to  which  this  report  is  con¬ 
fined  (see  Scope,  Pg.2),  many  types  of  configurations  exist. 


Considerations ; 

For  a  hydrofoil  craft  to  possess  the  hydrodynamic  character¬ 
istics  which  are  deemed  essential  (so  that  it  may  compete 
practically  with  the  long  established  forms  of  water  trans¬ 
portation),  the  physical  dimensions  of  the  struts  and  foils 
and  their  methods  of  attachments  are  of  prime  importance.  The 
thinnest  possible  struts  and  the  thinnest  possible  foils  are 
needed  to  accomplish  this  mission.  The  resulting  structure 
still  must  be  practical  from  the  standpoint  of  fabrication 
cost,  reliability,  and  serviceability.  The  overall  structural 
weight  and  the  resulting  center  of  gravity  of  the  ship  become 
vary  important i  to  possess  a  reasonable  ratio  of  useful  load 
to  design  gross  weight,  weight  control  is  essential  I 

Therefore,  the  structural  designs  and  the  structural  analyses 
of  these  components  oust  be  accomplished  Yd.th  precision.  This 
is  true  not  only  in  the  determination  of  the  stresses  and 
strains  within  the  structure  under  given  loading  assumptions, 
but  also  in  the  determination  of  the  nature  and  magnitude  of 
the  external  load3  which  are  acting  upon  the  structural  com¬ 
ponents. 

The  approach  to  the  problem  of  selecting  a  hydrofoil-strut 
configuration  for  a  hydrofoil  ship  started  with  the  most  ele¬ 
mentary  configuration:  one  3trut  and  one  foil  without  dihedral, 
resembling  a  "T".  It  is  one  of  the  single  foil  class  and  is 
referred  to  as  a  mono-strut  arrangement  in  this  report.  Having 
selected  certain  structural  materials,  their  factors  of  safety, 
and  modes  of  fabrication;  having  determined  reasonable  spanwise 
and  chordrri.se  water  load  distributions;  and  having  a  giver, 
planform,  a  specified  loading  in  pounds  per  square  foot,  and  a 
single  symmetrical  center  strut;  only  one  aspect  ratio  is  pei> 
missible  for  a  given  thickness. 

It  was  found  from  this  initial  investigation  that  the  single¬ 
strut  gives  only  a  moderate  lift-drag  ratio.  UeanB  were  in- 
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ve3tigated  to  raise  the  value  o f  this  lift-drag  ratio.  This 
resulted  in  the  investigation  of  symmetrical  bents  with  one, 
two  and  three  bays.  These, -by  thoir  very  geometry,  imposed 
bending  as  well  ns  compression  loads  on  the  struts.  To 
eliminate  primary  bending  in  the  struts  and  columns  in  the 
symmetrical  loading  conditions,  the  series  of  configurations 
with  the  hydrofoils  extending  outboard  from  the  struts  are 
considered.  In  the  single  hydrofoil  system,  the  various 
hydrofoil-strut  combinations  or  configurations  may  be  divided 
into  combinations  of  certain  basic  structural  forma.  These 
combinations' ares  mono-strut;  two  struts,  pin-ended;  three- 
struts,  the  two  end  struts  pin-ended;  four  struts,  all  pin- 
ended;  single  rigid  bent;  and  raulti-bay  bents,  fix-ended  with 
overhang. 

Initially  it  v/as  thought  that  these  configurations  would  be 
with  and  without  dihedral,  but  hydrofoils  with  appreciable 
dihedral  which  intersect  the  water  surface  have  been  covered 
by  German  data  and  work  conducted  by  Carl  Sc  Sons.  Joshua 
Hendy  data  (see  the  Hydrodynamics  section)  reveal  that  in 
order  to  obtain  the  best  lift-drag  ratio,  the  hydrofoil 
should  not  intersect  the  water  obliquely.  Hence,  these 
strucutral  studies  are  confined  entirely  to  hydrofoils  which 
are  submerged  completely  below  the  vrater  surface.  The  hydro¬ 
foil  thickness  varies  inversely  with  the  cosine  of  the 
dihedral  angle  (see  Equation  6,  pg.  20).  Thus,  the  smaller 
the  dihedral,  the  greater  the  aspect  ratio  will  become  for 
a  given  thickness  ratio.  Since  roll  stabilization  is  being 
obtained  by  movable  surfaces,  all  of  the  structural  analyses 
-which  have  been  completed  on  the  multi-struts  are  with  zero 
dihedral. 

The  majority  of  the  studies  which  have  been  made  are  devoted 
to  the  analyses  of  single,  two  or  three  strut  systems  with 
hydrofoil  overhang.  For  the  symmetrical  loading  assumptions 
which  are  made,  the  slopes  of  the  hydrofoil  at  the  hydrofoil- 
strut  junctions  are  zero.  These  geometries  are  selected  to 
obtain  zero  initial  moments  in  the  struts  so  that  the  maximum 
hydrofoil  bending  moments  v/ill  occur  at  the  hydrofoil-strut 
junctions . 

The  first  family  of  multi-struts  considered  are  of  rectangu¬ 
lar  planform.  Tapering  the  cantilever  portion  of  the  plan- 
form  gives  another  family  of  configurations.  The  advantage 
for  so  doing  may  be  seen  in  a  test  vehicle.  An  aspect  ratio 
of  approximately  16  results  from  two  struts  -with  a  rectangu¬ 
lar  planform.  By  tapering  the  two  outer  panels,  the  aspect 


r 


CONFIDENTIAL 


17 


ratio  is  increased  to  approximately  21  without  any  change 
in  percent  thickness. 

The  use  of  any  of  the  hydrofoil  strut  configurations  with 
concomitant  haunching  of  the  hydrofoil  thickness  will  provide 
a  gain  in  aspect  ratio  for  a  given  maximum  thick:  k  :(*  ratio  if 
methods  of  fabrication  permit.  The  hydrofoils  are  launched 
by  increasing  the  percent  thickness  of  the  hydrofoils  toward 
the  strut  intersections .  Some  of  the  German  hydrofoil  vessels 
had  haunched  foils  which  were  obtained  by  varying  the  chord 
length  (see  References  No.  3  ii).  The  final  selection  of  a 
given  multi-strut  configuration  is  based  on  hydrodynamic 
rather  than  structural  considerations.  From  the  economy  of 
weight  and  fabrication,  the  fewer  the  struts,  the  lighter  the 
struts  and  foils  will  become  and  the  easier  the  construction. 

In  order  to  meet  the  demand  for  high  aspect  ratio  and  minimum 
thickness,  the  multi-strut  configurations  are  dictated. 

For  a  specific  load  to  be  carried  axially  be  columns,  there 
exists  a  maximum  number  of  members  for  maximum  efficiency. 

Any  increase  beyond  that  number  of  struts  lowers  the  effici¬ 
ency  of  the  structure.  This  is  readily  evident  when  the  strut 
lengths  for  the  configuration  remain  the  same  regardless  of 

the  number  of  struts.  The  column  buckling  allowable  is  a 

(  p\i 

function  of  (—4—4  .  Thus,  the  buckling  allowable  varies 

directly  as  the  square  of  the  strut  thickness  ratio  and  the 
square  of  the  strut  chord.  Then  for  a  configuration  to  carry 
a  given  load,  the  point  is  reached  at  which  the  number  of 
submerged  struts  in  the  configuration  add  more  drag  than  the 
increase  in  hydrofoil  aspect  ratio  and: decrease  in  hydrofoil 
thickness  reduce  the  drag  (see  Hydrodynamics  section).  This 
point  may  occur  at  three  struts  for  many  loading  conditions. 

The  multiple  struts  have  two  other  disadvantages  as  compared 
with  a  mono-strut  or  two-strut  configuration:  (1)  for  a  given 
yaw  angle  the  magnitude  of  the  side  force  in  question  increases 
since  the  strut  side  area  increases;  and  (2)  the  slender  struts 
of  the  multi-strut  configuration  impose  greater  bending  stresses 
on  the  hydrofoil  under  asymmetrical  loading  conditions* 


Hydrofoils: 

For  preliminary  design  purposes  it  is  desirable  to  be  able  to 
ascertain  the  hydrofoil  geometry  with  a  minimum  expenditure  of 
time  and  effort.  The  important  items  of  geometry  which  must 
be  considered  prior  to  performance  calculations  are  the  maxi¬ 
mum  span  between  struts,  maximum  overhang,  total  span,  aspect 
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ratio,  chord,  and  percent  thickness.  It  is  also  desirable  to 
have  comparisons  of  spans,  aspect  ratios,  and  thickness  ratios 
for  the  various  strut-foil  configurations. 

Governing  Stresses 

The  required  hydrofoil  section  may  be  determined  from  the 
bending  stress,  the  shearing  stress,  the  torsional  stress,  or 
from  a  combination  of  all  or  any  two  of  these.  If  flutter  is 
serious  or  if  a  predetermined  maximum  deflection  has  been  stipu¬ 
lated,  the  hydrofoil  section  may  be  determined  from  that  size 
required  to  obtain  the  maximum  specified  deflection. 

In  solid  hydrofoils  of  medium  thickness,  shear  will  not  be  serious, 
either  alone  or  in  combination  with  bending  or  torsion,  duo  to  the 
cross-sectional  area. 

Torsion  is  a  function  of  the  location  of  the  principal  axes  of  the 
section,  the  chordwise  center  of  pressure  of  the  load,  the  span- 
wise  distribution  of  load,  and  the  section  pitching  moment.  If  a 
symmetrical  hydrofoil  section  is  used,  the  pitching  moment  of  the 
section  will  remain  approximately  constant  and  equal  to  zero  through 
moderate  angle  of  attack  changes.  (This  is  the  range  to  be  con¬ 
sidered  for  hydrofoil  vessels.)  Thu3,  the  only  torsion  acting  upon 
the  section  is  due  to  the  distance  between  the  chord  load  center  of 
pressure  of  the  section  and  the  principal  axes  of  the  section.  The 
principal  Y-axis  of  the  biconvex  parabolic  arc  section  passes 
through  the  50  percent  ordinate  of  the  chord  while  the  Y-axis  loca¬ 
tion  for  the  NAGA  6$-  and  66-series  airfoil  sections,  which  are 
currently  being  considered,  varies  from  approximately  I4O  to  h7 
percent.  In  the  si^es  likely  to  be  encountered,  the  torque  due  to 
the  chordwise  center  of  pressure  of  the  load  not  being  along  the 
neutral  axis  of  the  section  is  quite  small,  and  the  repression  of 
the  bending  stress  due  to  shear  stress  affect  is  neglible.  For 
solid  sections,  if  no  other  factors  are  present,  the  effect  of 
torsion  may  be  neglected.  Therefore,  the  preliminary  design  sizes 
may  be  picked  from  bending  and  deflection  considerations.  (For 
hollow  sections,  see  Appendices  I  &  II.) 

Should  flaps  be  present  on  the  foils,  bending  alone  cannot  be 
used  for  determining  the  hydrofoil  geometry,  but  bending  will 
be  the  primary  consideration.  The  presence  of  a  flap  greatly 
reduces  the  moment  of  inertia  of  the  section  about  the  Y-axis, 
the  cross-sectional  area,  and  the  torsional  rigidity.  Flaps 
shift  the  principal  Y-axis  forward  on  the  hydrofoil,  introduce 
appreciable  pitching  moments  in  the  hydrofoils  with  flap  de¬ 
flections,  and  alter  the  chordwise  load  distribution.  These 
moments  cannot  be  properly  evaluated  until  the  chord  of  the  flap  in 
percent  of  hydrofoil  chord,  type  of  flap  balance,  the  maximum  flap 
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deflection,  the  rate  of  change  in  pitching  moment  with 
flap  deflection  and  angle  of  attack,  and  the  flap  hinge 
moments  are  known- 

Therefore,  the  best  approach  seems  to  be  to  determine 
the  required  sections,  based  upon  bending,  and  to  pro¬ 
vide  for  a  reduction  in  allowable  bending  stress  due  to 
the  combined  effect  of  bending  and  torsion*  This  may 
bo  done  approximately  by: 

(^)  +  f^~)  “  '  (See  Ref-  50 

The  amount  of  this  reduction  in  allowable,  converted  into 
terms  of  greater  hydrofoil  thickness  ratio  or  reduced 
aspect  ratio,  would  need  to  be  determined  for  the  speci¬ 
fic  flap  geaaetiy  being  considered* 


Banding  Stress 

The  banding  moment  for  a  trapezoidal  spanwise  load 
distribution  is  given  as: 


+  (o- ^ A 

which,  at  the  root  of  a  mono-strut  configuration, 
becomes: 


Equ.  1  (see  Pg*  32  ) 


^  ww."* 


('  +  U)  ' 

Where  dihedral  is  present  in  a  liydrofoll, 

5  a,  - k. 


Equ*  2 


W**  »  J $L  t 


’u 


cos 


~T‘ 


•••  T* 


b..  ■  — — ■  *g 
VI  cos  p 


span  along  the  hydrofoil  in  inches 
Thus,  Equ.  2  becomes: 


if  b  is  the 


VsA 


*  jXsT  fs“*|  \  kip-inches 
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Then,  dropping  subscript  N  and  using  b  as  projected 
span,  as  defined  undor  Definitions  &  Symbols, 


an'5';  crfe  - 


°b“ 


\08 


8  •  XA-  *  \  A'A' 


v> 

•  - 


cosr7r 


(l  +U) 


T* 


Equ.  U 


Where 


b^- 


cr»  (\ 


lA 


then:  (Tb  * 
Since 


85 


A"  6A-*  \4*A> 


'UK 


by  transposing. 


Equ*  5 


V- 0000 *A'‘>,6  ^ ["s1  ^ (~>^)  (V * **)  (V ^ X)  J 

r  i0,8/  «,.* 


which  is  the  general  equation  for  a  rono-strut  (root  thickness). 
For  a  taper,  X  s  0.5,  it  become: 

^  ,  »  0.5 

V- 0.0455  «  Eqo,  7 

For  a  taper,  X  *  1.0,  it  become: 

Tr  -o.\Ofc»  -e^V  |^H  ("f^  ■ 
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In  the  multi-strut  rectangular  configuration,  to  prevent 
bending  in  the  bents  other  than  the  hydrofoil  proper 
(i«e.,  in  struts),  the  slope  of  the  head  of  each  strut 
must  be  zero.  (See  also  discussion  of  configurations.) 


F\«.  li 

To  obtain  *K  - 


and, 


*•  KA 


K%k 


(Table  III,  Ref.  6) 


thus,  i0  -  (length  in  inches) 

and  b  -  i  (\  +  #  (inches) 
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Figure  5  presents  hydro l’oil  thickness  ratio  (percent 
thickness)  as  a  function  of  hydrofoil  loading,  aspect 
ratio,  dihedral,  taper  ratio,  and  factor  of  safety  as¬ 
suming  a  maximum  bending  stress  of  150  kai.  This  chart 
applies  to  the  basic  mono-strut  configuration;  but,  in 
conjunction  with  Tables  I  and  II,  it  may  be  applied  to 
most  configurations  Which  have  been  considered. 

Once  the  approximate  configuration  has  been  selected, 
however,  the  data  should  be  presented  in  a  form  which 
would  permit  reading  to  greater  accuracy.  Fig.  6  pre¬ 
sents  the  variation  of  hydrofoil  loading  with  aspect 
ratio  for  various  allowable  bending  stresses  for  aero 
dihedral,  a  thickness  of  12  percent,  and  a  taper  ratio 
of  one-half.  Knowing  the  aspect  ratio  of  the  equivalent 
mono-strut,  and  the  bending  allowable  of  the  material, 

mm  O’ 

F  u  KUOW,  » 

it  is  readily  possible  to  determine  the  permissible 
loading. 

If  the  material  is  selected,  by  varying  the  thickness 
and  holding  constant,  another  useful  family 

of  curves  for  preliminary  design  purposes  may  he  con¬ 
structed.  Examples  of  such  a  method  of  presently  data 
are  shown  on  Figures  7,  8  and  9,  where  percent  thickness 
variation  with  aspect  ratio  for  different  loadings  is 
presented  for  taper  ratios  of  1.0,  0.75,  end  0.$0.  These 
three  figures  show  the  effect  of  taper  ratio  where  a 
single  strut  is  involved  and  show  tbs  effect  of  increasing 
the  hydrofoil  loading.  They  were  constructed  for  an  al¬ 
lowable  yield  stress  of  50  kei. 

Fig.  10  sheers  the  variation  of  bending  stress  in  the 
hydrofoil  with  aspect  ratio  for  three  different  foil 
thicknesses  in  a  single  bent  configuration  with  certain 
assumed  geometry  sad  with  a  strut  thickness  of  15  percent. 
Fig.  11  presents  variation  in  hydrofoil  loading  with 
aspect  ratio  for  these  foil  thicknesses  and  the  geoestry 
of  Fig.  10. 
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Recent  hydrodynamic  calculations  indicate  configuration* 
of  this  geometry  would  not  be  usable  because  the  strut 
length  required  is  greater  than  the  strut  length  which 
is  used.  However,  they  do  show  the  general  effect  of 
such  configurations:  For  instance,  Fig*  ?  indicates  at 

«  1.0  kef  that  if  t.  ■  0.09,  Kr  •  6.0; 
while  Fig.  10  shows  that  for  1*0,  and  T*.  ■  0.09 

that  m  7*5  AT  (T  •  50  asi,  or  a  gain  in  aspect 

ratio  of  2$  percent,  provided  the  struts  will  carry  the 
momente* 


Deflection 


The  deflection  of  the  tip  of  a  uniformly  tapered, 
cantilever  hydrofoil  wider  a  uniformly  tapered  load  ie 
first  developed  in  terms  of  the  length  of  the  beam,  the 
unit  loading  of  its  root,  and  the  section  moment  of 
Inertia  at  the  root.  Then  the  tip  deflection  and  de¬ 
flection  fit  any  point  of  a  constant  section  cantilever 
hydrofoil  under  a  uniformly  tapered  load  are  presented. 


The  deflection  at  any  point  of  a  uniformly  tapered  hydro¬ 
foil  under  a  traps eoidal  load  may  be  obtained  by  modifying 
Equation  12,  p.  31,  to  raad: 


where  Z,  a*  shown  in  fig.  12,  ie  the  section  at 
which  the  defleotlon  is  desired. 


However,  sinoe  the  resulting  equation  becomes  somewhat 
cuBfcereome  (eee  Equation  21,  p,  34,  for  constant  moment 
of  inertia),  and  sinoe  the  present  interest  ie  in  tba 
magnitude  of  the  tip  deflection,  solution  of  this  equa¬ 
tion  has  been  omitted.  Likewise,  Equation  12  waa 
simplified  to  Equation  13  by  putting 
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since  current  interest  is  in  that  particular  taper  ratio. 
Solution  of  "yM  without  evaluation  of  "x"  is  not  of  auf- 
ficient  advantage  to  warrant  the  additional  labor  at 
this  time. 


Deflection  of  the  end  of  a  cantilever  beam  of  uniformly 
varying  moment  of  inertia  (representatively  of  a  tapered 
strut  under  a  constant  side  force)  has  also  been  developed 
for  various  amounts  of  taper. 


These  equations  are  then  rewritten  in  terms  of  the  hydro¬ 
foil  loading,  the  hydrofoil  aspect  ratio,  and  the  hydrofoil 
taoer  ratio  and  are  plotted  a3  the  non-dimensional  ratio, 

3  -f°r  U3a  preliminary  design. 


V*\&.  U> 
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The  deflection  of  a  uniformly  tapered  cantilever  hydrofoil 
under  a  trapezoidal  load  distribution,  using  the  geometry 
of  Fig.  12 >  ia  derived  as  follows: 

Since  x  ~  m-z.  4-  k ,  X  -  x^[  \  ■+ 

*  * 


Then  x  » 


i  j\  +JJ.  (X t  lx«  ^  [l  +  f-(X  -\)j 


ox  \x«  e>  t*<v+[\  +  f  (x-\jj 

^-(^)  wx  -  -N 


Equ.  11 


With  w_. 


(v^l1  "“*)  , 

* 


(*-•»)  K-’h)  , 

& » 


Where  **  X , 


+  («  -*f  A 


‘i 

V*) 

6 

Ikj) 

-_2l 

['* 
L  4.  | 

TL 

K 

’l- 

(H 

•a 

r 

<i» 

[ 

♦ 

Equ#  (1) 
Equ.  12 


Equ.  13 
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&  i  JWr 

*  ycs,5~ a&c 


for  deflection  at  any  point. 


F^T 


VdV\S>i  it 


Equ.  13A 


(°'5^’  Et>u.  li< 

”  Where  *Si  *  \0  ,  and  \#  ■  moiaant  of  inertia  of  root  section. 

u  »  -  0.\305  — *  Equ,  l£ 

^■n*  u.  \0 

By  substituting  the  aspect  ratio,  thickness  ratio,  span, 
and  hydrofoil  loading  into  Equation  1$  gives: 

y  “  0. 001  '2.54' 

For  a  rectangular  planfora  hydrofoil  with  a  constant  section 
moment  of  inertia  and  a  uniform  spanwi3e  waterload  distribu¬ 
tion,  y«  8tT"°  ^  substituting  the  aspect  ratio,  thickness 

ratio,  span,  and  loading  into  that  equation,  the  deflection 
becomes: 

W  BH  (-£)  i-p.  is  in  W*  17 

Where  both  planfonas  develop  the  same  bending  stresses  and 
both  have  the  same  thickneso  ratios, 

frwnEqu.  \  •  Equ.  18 

ttvr. 


M.L. 


Equ.  16 


Thug,  from  Equ.  16,  17  and  18, 


tt" 


(t.92j 


Equ.  1? 
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Where  'tr>  ^r>  b  are  equal 


T\<o.  13 . 

For  a  rectangular  planforo  hydrofoil  with  a  constant 
section  noaent  of  inertia  and  a  trapesoidal  spanwiee 
waterload  distribution,  as  shown  in  Fig®  13,  the  da- 
flection,  y,  of  any  section,  *,  may  be  stressed  as: 

(by  the  area-moment  method) 

r"iv  /V-  *0  ^ +  ('  ~  zj 4*. El)u- 81 

4,«o 

Where  M  *  is  fraa 

Equ*  l,  for  A  *  0.5*  lategratiiy  and  eoHnsii eg 
terms,  Equation  21  bac omtn 
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When 


n^r-  —  0.0 O  2.4-OS 


i  Z.^ 

-  z  *’ 

-t  z?  1 

~  *oTj 

Equ.  22 

vwX* 

/Jl2_ L 

Equ«  23 

4/L  \* 

w 

k  ^x./ 

give 8 { 

H  f^J 

t 

■■■«—  • 

Equ.  24 

This  may  be  derived  also  by  double  integration  from  the 
equation  when  H  haa  the  same  value  as  in 

Equation  Is 


IA 


IK 


z  L  3 


-31^+2.  ■a.*- 


iOUi  ^G,3Lt)RReD 
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The  hydrofoil  deflection  formulae  which  are  presented 
in  Figs.  16  through  22  are: 


Mono-Strut: 


Twin-Strut: 


0.000, »<*!¥* 


^  \3  \ 

L5'uJW"^’'  EqUo  27 

5=*0.izbb 


Center 


(%}  “0.000,079  “17*  Etlu'  28 

$  -  0.55  b 


Three-Strut: 


Overhang:  U 


p^=0.0OO ,0G>9*  3*n|^ 


wnVM  > 

5  F. 


Equ.  29 
0  =0.145  b 


Center: 


0.000,0X115  •  EqUe  30 

'  Q  =  0.555  b 


Other  deflection  formulae  for  the  mono-strut,  which  were 
developed  on  the  preceding  pages,  are  summarized  below* 
For  varying  moment  of  inertia,  trapezoidal  spanwiae 
waterload  distribution,  and  taper  of  one -half : 


*0.001  X.54 


Equ<>  1 6 
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(for  equal  span) 


Equ.  20 


%a)  =  \.9l  f-^p)  • 
\.^l/k*0.$  \  '  A  =\.o 


For  constant  moment  of  inertia  and 
spanwise  7/aterload  distribution: 


Equ.  1? 

a  2-to-l  trapezoidal 


Equ..  21* 


L  3  2.  ‘  <o  fcoO  _ 


Equ.  22 


_\ _  p2.fta-ZX 


ill 

60fij 


Equ.  31 
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Fig*  gives  the  variation  of  \~J~) 

aspect  ratio  for  various  hydrofoil  thickness  ratios 
on  a  mono-strut  configuration  having  a  taper  ratio  of 
one-half.  The  sparori.se  load  distribution  varies  vrith 
the  chord  and  is  for  a  1.0  ksf  hydrofoil  loading* 

Figures  16  and  1?  are  for  the  same  configuration 
with  a  rectangular  planform.  Figure  17  is  included 
to  show  the  effect  of  very  thin  hydrofoil  sections* 

For  a  rectangular  two-strut  configuration.  Fig*  18 
presents  similar  data  for  the  overhanging  portion  of 
the  hydrofoil  v/hile  Fig.  19  is  for  the  center  portion 
of  the  hydrofoil.  Similar  three-strut  data  are  presented 
in  Figures  20  and  21,  respectively.  These  are  all  for  a 
hydrofoil  loading  of  1.0  ksf.  Fig.  22  is  for  the  center 
section  of  a  three-3trut  configuration  (like  Fig. 21),  but 
includes  the  effect  of  variation  of  the  hydrofoil  loading. 

The  slight  variation  in  the  values  for  E  which  are  used 
occurs  because  the  original  charts  are  constructed  for 
chronium-nickel  steels  v/hile  the  other  cliarts  are  con¬ 
structed  for  mild  steel.  (Data  for  configurations  in¬ 
volving  more  than  three  struts  do  not  seem  of  sufficient 
importance  to  justify  their  inclusion  at  the  present  time. ) 
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Struts  and  Columns: 


The  critical  value  for  the  compressive  stress  in  slender, 
straight  columns  with  concentrically  applied  compressive 
forces  can  bo  calculated  with  sufficient  accuracy  provided 
the  compression-test  diagram  for  the  column  material  is 
known.  Within  the  elastic  range,  Euler's  formula  must 
be  used  for  such  calculations:  For  use  beyond  the  propor¬ 
tional  limit,  as  in  short  columns,  Euler'3  formula  must  be 
modified  with  the  reduced  modulus^E  ,  or  the  tangent  modu¬ 
lus,  E^.,  being  used  instead  of  E'1 2)  r  From  such  calcula¬ 
tions,  diagrams  representing  (rc«.  as  a  function  of  the 
slenderness  ratio  can  be  obtained c 

In  the  application  of  this  formula  to  c  olumn  and  strut  de¬ 
sign,  the  selection  of  a  propar  factor  of  safety  is  the 
principal  difficulty  encountered:  this  factor  of  safety 
should  compensate  for  the  various  column  imperfections. 

It  seems  logical  to  assume  certain  inaccuracies  in  a  column 
from  the  very  beginning  and  to  devise  formulae  which  contain 
not  only  the  column  dimensions  and  the  material,  but  also 
the  values  of  the  assumed  inaccuracies.  By  incorporating 
these  inaccuracies  in  the  design  formulae,  the  selection  of 
a  proper  factor  of  safety  can  be  put  on  a  more  reliable 
basis.  (This  assumes  that  the  material  and  mode  of  fabri¬ 
cation  have  been  selected).  The  simplest  method  of  choosing 
the  factor  of  safety  is  to  assume  that  the  effect  of  various 
imperfections  on  the  deformation  of  columns  and  on  the  maxi¬ 
mum  fiber  stress  which  is  produced  is  independent  of  slender¬ 
ness  ratio,  i.e.,  constant.  But  imperfections  such  as  an 
initial  curvature  of  the  column  are  apt  to  increase  with 
slenderness  ratio. 

The  principal  imperfections^)  which  make  the  behavior  of 
actual  columns  so  different  from  those  which  are  assumed 
in  Euler's  theory  are:  an  unavoidable  eccentricity  in  the 
application  of  the  compressive  load,  initial  curvature  of 
the  column,  and  non-homogeneity  of  the  material,  including 


(1)  See  Ref.  7* 

(2)  Column  inaccuracies  are  discussed 
in  detail  in  Ref.  8. 
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variation  in  the  cross-sectional  area.  All  of  these 
imperfections  may  be  replaced  by  an  equivalent  initial 
column  deflection. 

The  struts  are  initially  considered  to  have  uniform 
sections  throughout  their  length.  5trut3  which  can 
carry  the  concentric  loads,  and  no  moments,  have  slen¬ 
derness  ratios  between  160  and  180.  To  keep  the 
slenderness  ratio  leas  than  120,  aa  in  structural 
engineering  practice,  tapered  or  stepped  struts  are 
necessary.  By  tapering  or  stepping  the  struts  between 
the  operating  waterline  and  the  hull,  the  change  in 
thickness  of  the  section  will  not  affect  the  normal 
operating  efficiency  of  the  boat. 

It  is  found  that  struts  with  slenderness  ratios  of  less 
than  120  obtained  with  a  step  of  one-third  the  strut 
length,  and  the  thicker  section  having  a  section  moment 
of  inertia  of  four  times  the  section  moment  of  inertia 
of  the  thinner  section,  will  automatically  allow  for  the 
effects  of  normal  loads  on  the  struts  caused  by  yaw  at 
the  instant  of  take-off.  The  thicker  section,  if  but 
one- third  of  the  strut  length,  will  normally  be  above 
the  water  surface.  (On  a  six-foot  long  strut  with  a 
depth  of  submergence  of  three  feet,  one-third  of  the 
strut  length,  or  two  feet,  will  permit  a  clearance  of 
one  foot  between  the  cruise  water  line  and  the  change 
in  section.)  This  will  also  provide  for  a  given  amount 
of  eccentricity  in  the  application  of  the  hydrofoil  load. 


Reference  9  indicates  the  considerable  concern  of  the 
British  about  end  fixity  for  the  struts  and  foils.  The 
amount  of  fixity  which  is  actually  realised  in  any  con¬ 
dition  will  greatly  affect  distribution  of  the  loads 
among  struts  and  foils.  If,  in  a *pi*c onf iguration ,  the 
struts  under  load  obtain  a  slope  due  to  .Joint  flexibility 
or  flexibility  in  the  hull  of  the  vessel,  the  bending 
moment  in  the  hydrofoil  will  be  materially  changed.  In 
this  study,  perfect  fixity  is  assumed  at  ths  hull  or  hulls 
and  in  some  cases  pin-ended  conditions  are  assumed  at  the 
column-foil  and  strut-foil  junctions.  Ahere  necessary, 
overlapping  assumptions  are  used.  But  it  should  be  re¬ 
membered  that  for  any  particular  configuration,  material. 


> 
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and  mode  of  fabrication,  actual  structural  teats  will 
be  required  in  order  to  obtain  the  best  structural- 
hydrodynamic  compromise  for  the  design* 

The  effect  of  side  loads on  the  struts  in  combination 
with  the  axial  compressive  loads  must  be  considered  in 
determining  the  strut  size.  The  most  critical  condition 
occurs  either  at  take-off,  when  the  maximum  yaw  angle 
exists  and  the  strut  is  fully  submerged,  or  at  the  maxi¬ 
mum  velocity  of  the  vessel,  when  the  minimum  strut  length 
is  submerged  and  the  greatest  "q"  occurs 0  Which  of  these 
will  be  the  most  critical  depends  upon  the  specific  geo¬ 
metry  and  the  maximum  side  load  which  can  be  developed 
within  the  lg  limitation. 

Likewise,  consideration  must  be  given  to  the  effect  of 
eccentricity,  the  load  on  the  strut  either  not  being 
concentric  or  else  having  an  induced  moment  due  to  the 
lack  of  balance  over  the  supports*  Pin-ending  the 
strut-foil  connections  would  eliminate  this  moment 0 

As  stated  on  p.  9,  biconvex,  parabolic  arc,  9olid 
sections  are  used  in  the  calculations  of  the  struts  and 
columns.  It  appears  likely  that  such  sections  will  be 
found  to  be  near  the  optimum  from  hydrodynamic  considera¬ 
tions,  a3  well  as  possessing  definite  structural  advan¬ 
tages.  A  British  document,  Kef. 10,  discusses  strut 
sections. 


Concentric  Loading 

For  a  fixed-ended  cantilever  strut  of  uniform  cross- 
section,  the  critical  buckling  stress  may  be  expressed  as: 


Where 


7) 


Equ,  32 


i  »  m  , 


* 


(  \s  »  least  moment  of  inertia  of  strut, 
!t  A.  a  cross  section  area  of  strut*) 

5 
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and 


_  J?_  ^  _  pNM  * 

**  3  8  A-  L  S  . 


_j^r 

tTY17 


o;* 

r% 


t.t 

■x%  k  TT  Lt 

, —  -  1.  r* 

70  m  *  T 


By.  transposing, 


;^»0.0\8A-s|^-rj  ■  Equ»  3U 


Using  »  28,300  kai  for  -^H,  transverse,  stress  re¬ 
lieved,  high  tensile  steel; 


0.00  8<*G> ' 


■rS 


i/A* 


m 


Equ.  35 


See  Hef.  11  for  typical  curves  of  the  tangent  modulus 
of  elasticity.  ' 


Equation  35  is  plotted  in  Fig.  23  without  regard  to  strut 
slenderness  ratio,  '^his  nomograph  is  for  use  in  the  ini¬ 
tial  phase  of  a  configuration  selection,  but  the  sizes 
obtained  oust  be  modified  to  allow  for  eccentricity,  side 
load,  and  reasonable  slenderness  ratios.  However,  the 
form  of  Figure  23  is  not  3uch  that  the  effect  of  certain 
variables  may  be  readily  assessed.  The  effect  of  these 
are  shown  in  Figures  Zk9  25,  26,  and  27  for  a  mono- 
strut  configuration. 

Figures  2kt  25,  and  26  present  the  variation  of  thickness 
ratio  with  aspect  ratio  for  a  rectangular  hydrofoil  plan- 
form.  Figure  2k  shows  the  effect  of  varying  the  hydrofoil 
loading}  Figure  25  shows  the  effect  of  varying  the  chord 
ratio;  Figure  26  shows  the  effect  of  varying  the  strut 
length;  Figure  27  shows  the  variation  of  thickness  ratio 
with  hydrofoil  loading  on  a  tapered  hydrofoil  for  the  ef¬ 
fect  of  aspect  ratio. 


W  o 

XT  \94*J 
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For  a  tapered  strut  subjected  to  a  concentric  load, 
the  deflection  is  obtained  ae  a  function  of  the  criti¬ 
cal  loading  and  strut  geometry.  Figure  28  depicts  the 
type  of  column  which  could  be  utilized  and  imparo  the 
overall  performance  of  the  hydrofoil  craft  but  little. 
The  expression  for  the  relation  between  critical  load 
and  geometry  for  this  type  of  column  has  been  developed 
by  Timoshenko  in  Ref.  12.  (For  reference  purposes,  it 
will  be  repeated  heroinj  To  obtain  the  critical  load, 
POK,  for  th8  column  of  Fig.  28  with  one  end  fixed  and 

one  end  free,  and  consisting  of  two  portions  having  mo¬ 
ments  of  inertia  of  1,  and  T^,  it  is  necessary  to  write 

the  differential  equations  of  the  two  portions  of  the 
deflection  curve.  Where  S  is  the  deflection  of  the 
top  of  the  column  during  buckling,  these  equations  ares 

% 

c  \  p  (r-y  v 

l  d  a  '  **  v 


Y 


Fvs>.  28 
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Using,  ~  C ,  $  k*  }  the 

equations  yield: 

y  *  4*  +  C  009  ktX  -v-  O  %\vi  k4  % 

^  ~  Vx>)* 


At  x  =t  jL  the  deflections  of  the  two  portions  are 
equal,  ana  at  x»!l  the  deflection  is  3  .  Thus, 

<f  +  C  cot,  kxi  O  svu  Vc, ft  «  S; 

S  +  O  cos  k,lx  +  O  s\vi  k^j^~  &  (j-  <^os  kx  ^  • 
from  which 


C=*  -O^avi  Vv  St  * 


$ 


O  = 


S  cos  kx  Jkx  cos  kvQ 
■5>\vi  k4 


Since  both  portions  of  the  deflection  curve  possess 
the  same  tangent  of  ,  the  equation  obtains 


<£  k^  kt  Jz=  -  Ck,  ^x»  kj  ^  +  O  kv  cos  k>  $ix  • 


Upon  substituting  the  above  values  of  C  and  D,  the 
following  transcendental  equation  is  obtained  for  cal¬ 
culating  the  critical  compressive  load. 

V. 

-tkva  k,  \  •  'Txvi  kxk^  *  — -•i-  *  Equ.  36 

Since 


T\  * 


|  «A 


a  -Cc.t 


than 


£qu.  37 


\.4>\A- 


ratio 


Where 


of  chords,  and 


if  =*  2  ,  then  Equation  36  becomes: 


Equ,  38 


By  trial  and  error  it  is  found  that  for 
“tKW  *•  ^TKvi  \.'btb'br  =  5. 5U7& 

and  for  Twa  ^0.15  =  0.bA>6?,r 


the  conditions  of  Equation  38  are  met., 


0.^<olG»5 


Equation  39  is  plotted  on  Fig.  29  for  a  modulus  of 
elasticity  of  U,000  ksi  (corresponding  to  laminated 
glass  fiber  based  plastics)  and  in  Fig.  30  for  a 
modulus  of  elasticity  of  28 >000  ksi  (corresponding 
to  mild  steel). 


Since  some  use  of  fibreglas  is  contemplated  in  a  test 
craft,  and  since  the  modulus  of  elasticity  for  such 
material  depends  upon  teclmique  in  lay-up  as  well  as 
material,  the  effect  of  moderate  variations  in  modulus 
of  elasticity  upon  the  strut  chord  and  thickness  ratio 
is  needed.  By  modifying  Equation  33,  p.  5l>  the  data 
of  Fig.  31  are  obtained.  For  properties  of  laminated 
glass  fabric  based  plastic  materials,  see  Refs.  13  and 
lU. 


VJ  oa  x.\e,w 
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63. 


In  hydrofoil  craft  of  greater  design  gross  weights,  the 
required  strut  loads,  of  course,  are  greater.  Therefore, 
it  may  be  desirable  to  vary  the  ratios  of  the  lengths 
and  moments  of  inertia  of  the  strut  components.  In  such 
designs  it  may  be  advantageous  to  construct  curves  simi~ 
lar  to  Figure  30,  which  will  include  the  variables 
peculiar  to  tlie  specific  design. 
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Figures  32 ,  33 ,  and  3  It  show  the  variation  of  tho 
strut  chord  with  the  strut  thickness  ratio  for  slen¬ 
derness  ratios  of  ll*0  and  120  on  a  uniform  strut, 
and  a  slenderness  ratio  of  120  on  a  tapered  strut, 
respectively.  The  slenderness  ratio,  p-j  ,  in  each 
case,  was  determined  from  the  following: 


Equ.  UO 


A  comparison  of  the  critical  buckling  load3  for  struts 
of  mild  steel  and  of  fibreglas  may  be  made  from  Figures 
35  and  36.  Figure  35  gives  the  column  curves  for  mild 
steel  in  the  Euler  range  for  a  chord  of  12  inches  and 
various  thicknesses.  The  corresponding  slendorness 
ratios  and  stresses  are  also  shown.  Figure  36  is  for 
the  same  chord  and  thickness  range  for  a  column  of  fibre¬ 
glas.  This  is  a  method  of  presenting  data  for  ready 
comparison  after  one  or  more  parameters  have  become  known0 


Eccentric  Loading 


The  effect  of  an  end  moment,  in  addition  to  the 
axial  compression,  on  a  column  may  be  accounted  for 
by  a  given  eccentricity  of  the  axial  load.  From  P.  38 
of  Hef.  12  or  P.  21$  of  Ref.  6,  the  following  relation 
for  a  free -ended  column  is  obtained: 


Wo^>*ACM 
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Thia  equation  is  used  to  plot  Figures  37  through  l}0, 
which  present  the  variation  of  allowable  eccentricity 
with  column  chord  for  different  axial  loads  and  thick¬ 
nesses.  These  charts  may  be  used  in  determining  safe 
limit.*  of  eccentricity  due  to  fabrication  and  joint 
unbalance*  For  a  specific  configuration,  Equ.  4I  and 
Fig.  37  and  38  also  indicate  that  certain  dimensions  of 
a  strut  configuration  must  be  known  unless  large  families 
of  curves  are  to  be  constructed. 

Side  Loading 


A  cantilever  strut  under  the  effects  of  combined 
axial  load  and  aide  load  may  be  analyzed  by  application 
of  the  following  equation: 


U 


-'“j  [j  U)  +  A.  U] 


Equ.  U3 


Strut  under  Combined  Loading 

to 


(See  Table  VI,  P.  130,  Bef.  6) 


This  equation  is  used  to  determine  the  allowable 
strut  stress  as  a  function  of  strut  chord  and  strut 
thickness  ratio.  Such  data  are  plotted  on  Figures 
la  and  ]£,  for  comparison  purposes. 
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Hydrofoil-Strut  Combinations : 

From  the  general  equations  concerning  hydrofoils  and 
strute  which  were  developed  in  the  preceding  portion  of 
this  report,  it  is  now  possible  to  sot  up  relationships 
between  the  spans,  aspect  ratios,  and  dbrut  thickness 
ratios  of  the  various  multi “Strut  configurations.  The 
relationships  which  are  presented  herein  are  based 
solely  upon  bending  stress  considerations.  Thus,  the 
Hydrodynamics  section,  which  uses  these  structural  data, 
is  based  upon  bending  stress  considerations »  Similar 
relationships  can  be  developed,  based  upon  bending 
deflection  considerations.  However,  a  review  of  bend¬ 
ing  deflection  data  in  a  preceding  section  of  this 
report  seems  to  indicate  that  until  either  large  craft 
are  considered  or  craft  with  high  hydrofoil  loadings 
and  hollow  sections  are  considered,  the  deflection  re¬ 
lationship  is  of  little  interest  from  a  preliminary 
design  viewpoint.  Likewise,  relationships  bassd  upon 
torsional  shear  stress  and  torsional  deflection  are  of 
questionable  value  initially  in  the  preliminary  design 
phase.  (One  reason  for  this  is  that  the  torsion  is 
greatly  effected  by  minor  variations  in  the  assumed 
loadings  and  changes  in  cross-section;  until  more  is 
known  about  those  loadings,  the  bending  basis  will  be 
more  reliable.) 

These  strength  determined  configuration  relationships 
are  presented  in  Tables  I  and  II.  In  order  to  use  the 
factora  contained  in  ths  tables,  it  is  nscessaiy  to  ob¬ 
tain  the  geometry  of  either  the  tapered  mono-strut  or 
the  rectangular  mono-strut  configuration,  depending  upon 
which  factors  are  used;  that  is,  obtain  the  hydrofoil 
thickness  ratio,  aspect  ratio,  and  span  for  the  tapered 
mono-strut  with  a  given  hydrofoil  loading.  For  any  other 
desired  configuration  with  the  same  hydrofoil  loading  and 
thickness  ratio,  ths  aspect  ratio  is  obtained  by  multiply¬ 
ing  the  aspect  ratio  constant  by  the  mono-strut  aspect 
ratio.  In  similar  manner  the  hydrofoil  span  and  the  strut 
thickness  ratio  are  obtained* 
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Sample  Calculations > 

In  the  case  of  the  mono-strut  configuration,  the 
maximum  bending  moment  and,  correspondingly,  the  maxi¬ 
mum  percent  thickness  are  obtained  at  the  root  of  the 
cantilever:  i.e.,  at  the  3trut  junction.  If  the 
thickness  ratio  is  to  be  kept  constant,  the  root 
thickness  ratio  is  then  the  required  hydrofoil  thicknas* 
ratio,  (bee  Squ.  6,  Pg.  20)  However,  if  it  is  eco¬ 
nomical  from  fabrication  aspects,  the  percent  thickness 
may  be  tapered  from  root  to  tip.  Should  that  be  con¬ 
sidered,  though,  careful  study  must  be  given  to  bending 
and  torsional  deflections. 

In  the  multi-strut  configurations  with  cantilever  over¬ 
hang,  the  geometry  relationships  are  obtained  by  equating 
bending  stresses  at  the  critical  points  in  the  span  to 
those  for  the  critical  mono-strut  bending  stresses.  As 
an  example,  calculations  for  the  three -strut,  rectangular 
overhang  configuration  of  Table  I  are  shown  below.  The 
geometry  i3  shown  in  Fig.  W* 


Three-Strut  Configuration 
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w  A  1 

For  a  cantilever  bean,  KA  »  — r-^  t  For  a  fixed- 
vsill  1 

ended  beam,  NA^s  — •  To  obtain  ©^  -  3A^=  0  , 

must  equal  MA%°  Since  the  unit  loadings,  ,  are 

equal,  b  (v*.  ?.  21  j. 

where  b  is  span  in  inches. 


The  maximum  moment  occurs  at  the  top  of  the  columns  for 
a  fixed-endod  bean.  Thus, 


N\. 


C T 


m 


V 


(see  Kquo  8) 


(2.8VC.)  Av 

oa.  <r=j^  ^  «J  »)lAv  ^  TV  * 

This  reducas  to,  T^T'^v^  *  ‘ 

For  a  mono-strut  configuration  with  rectangular  plan fora: 


By  equating  the  bending  stresses  for  the  two  configurations, 
and  putting  Tr=  Tr^  ,  gives* 

Ar-  y A,-^' 

Applying  the  factor  of  Table  1  for  the  ratio  between  the 
rectangular  and  tapered  mono -strut  configurations  makes* 


81. 


*  2.  \  Af^ 
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To  determine  the  strut  sizes,  it  is  necessary  to  obtain 
first  the  strut  loads  (using  beam  notation  and  the  three- 
moment  equation). 


A  KA 


i. 

2 


Aith  W\ 0=  -  (o.\A^»  bj  vm 

the  cantilevers,  yields, 


for 


Also,  by  summing  the  moments  Kn 

(o.  to) 


6 


By  equating  identitd.es  and  solving  for  the  strut  reaction, 
gives?  ^Ks»  o.  tlj  vs<  b  •  (os.  S2-5^»  o.-v 

Since  \2.r  , 


O.'bSV'Nb  •  (oa, 


Now  since  vm  \o  *  W  n  t 


o.bl3 


[s'-'M-] 


and  -Sfc--Q  /bll^-TV 


\ 


2.8  B  k 


(see  *«qu.  33 ,  P-  51.) 


This  yields  Xs^-0.1,21^|  ^~4 


Ay  m  V 


(Equ.  3i+>  P.  51,  modified) 


a.  x 


=  -£2. 


K2_i±_. 


lo  m 


Aith 


Ky-  Z.W'i)'  ,  Z.  -a  O.bJLb  •  ZAWAtv*'  C, 


^\ucv  C  ^ 

T-5K»  X3' Aie>.2>\x3.  o.-bi-i 
or  Zj-  \.OC»'7  Z3va* 
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Frame at 


A  two-strut  configuration  with  good  joint  efficiencies 
becomes  a  single  bay  bent.  For  symmetrical  configura¬ 
tions,  where  the  slope  of  the  hydrofoil  at  the  strut 
point  is  not  zero;  and  for  configurations  both  with 
and  without  overhang,  which  are  subjected  to  aasymetri- 
cal  loadings;  the  strut  and  hydrofoil  bending  moments 
must  be  determined  by  rigid  frame  analysis.  References 
1J>,  36  and  2?  are  used  in  the  study  of  the  bent  configu¬ 
rations. 


I  'IT  I  l  l  I  ITTT 


K, 


-<3- 


1 


Single  Bent,  Symmetrical  Loading 


Fig.  Ii$  shows  a  single  bent  subjected  to  a  uniform 
spanwise  loading  over  the  hydrofoils.  Since  the  load¬ 
ing  is  symmetrical,  -  VA^,  and  R  «  0.  Thus, 


SA  »  'L  'fck  -  crwA 


iv\, 


Mk 


For  a  uniform  load  on  a  rectangular  hydrofoil 

ar  - ! -  fWj  _JL_ 


Equ.  LL 


Equ.  k$ 


Equ.  L6 


AW 


where  Cy  a  cs »  4  b  is  in  inches 
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'W.  W,*-- 


86A1 

-KA 


>J(t) 


kip  inches  J.  Equ.  U7 


and 


KA 


o*~ 


VAm, 

i  in  i  —  -  •  ■  * 

Z 


From  these  equations ,  the  maximun  bending  stress  in  the 
hydrofoil,  or  ,  becomes: 

“Kanh. 


Equ.  U8 


and  the  maximum  bending  stress  in  the  strut  becomes: 


Equ.  b9 


For  *1  *  k2  it  would  be  necessary  for  w  , 

or  -~£~-  s  ~~~  w  o  But  the  required  \ 6  increases 

with  \-<\  ,  and  is  initially  greater  than  ,  while 

ia  greater  than  m  .  Therefore  Yr\  can  never  be  equal 
to  kjj. 


a  JL  _  5i  w 

-^.|orri-j_...L.1  1  i  m 


K 


•  c» 

■3-  Q— 


Kt 


Kt 


a 

°  i 


Vc 

Single  Bent,  Forces  and  Moments 
Fig,  ,46 


8$ 


The  effect  of  axial  load  in  the  hydrofoil  of  the  single 
bent  was  neglected  in  the  foregoing.  Prom  Equations 
U5  and  i|6  the  axial  load  at  A  becomes: 


Prom  the  stress  due  to  bending,  and  the  stress  due  to 
axial  load,  the  effect  of  the  axial  load  may  be  found. 


<Tu 


Equ.  U8 
(modified) 


^Sm  7*. 


(T. 


\e>  Xr 

\OS  n-y 


Thus  the  axial  component  in  the  hydrofoil  is  negligible* 


A  double-bay  bent  under  symmetrical  loading  is  depicted 
in  Fig.  U7* 

- - 


"V"  1  . . . .  ■■  f 


K, 


floufcle»Bay  Bent,  Symmetrical  Loading 


Pig,  in 
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From  Eq’iation  $1,  F<lu‘  52 

(The  equations  for  the  joint  moments  may  also  be 
obtained  from  Ref.  16,  Table  hi s  by  combining 
loadings.) 

From  the  foregoing,  it  may  ba  seen  that  the  magnitude 
of  the  banding  moment,  KAa*  ,  in  the  hydrofoil,  due 

to  side  load,  is  an  appreciable  proportion  of  the 
bending  moment  in  the  hydrofoil,  due  to  a  symmetrical 
loading  between  points  A  and  B.  It  should  be  noted 
that  if  the  hydrofoil  has  a  symmetrical  lift  load  im¬ 
posed  upon  it,  and  it  is  so  distributed  that  the 
slopes  at  joints  A  and  B  are  zero,  then  the  resulting 
joint  moment,  is  appreciably  greater  than  that 

resulting  from  Equation  W*.  Since  the  zero  slope 
method  of  determining  hydrofoil  size  is  used  in  pre¬ 
liminary  design  charts,  the  effect  of  side  load,  if 
combined  with  a  reduced  normal  load  factor,  is  of 
little  importance « 

Example;  If  1  Kv  (typical  for  a  10-ton  craft 
which  is  under  investigation),  then 

from  Equ.  while  — 

for  zero  slope,  as  used  in  the  design  charts 
(see  P.  21).  At  the^same  time,  due  to  side 
load,  hAAfc  »  ~ from  Equation  52.  Upon 

substituting  the  corresponding  loadings  and 
lengths, 

s  1*6  kip-inches. 

3U5  .kip-inches. 

and  tv\p^  -  20  kip-inches. 
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STRUCTURAL  CONSTRUCTION  CONSIDERATIONS 


The  immediate  concern  with  regard  to  structural  Materials  and 
fabrication  centers  on  cost  for  construction  of  a  small  test 
vehicle  with  a  design  gross  weight  somewhere  between  10  and  2J> 
tons.  Solid  hydrofoils  and  struts,  to  be  fashioned  from  steel, 
become  very  costly  due  to  the  necessary  machining  operations  to 
obtain  the  required  cross-sections.  Mild  steel  must  be  treated 
to  prevent  corrosion.  German  literature  indicates  that  they  had 
not  obtained  any  satisfactory  solutions.  Erosion,  as  the  Germans 
found,  apparently  is  a  serious  factor  with  mild  steel.  Ackert* s 
work  on  cavitation  (Ref.  16)  in  1930  and  data  on  brasses  by  Dr. 
Uhlig  (Ref.  19,  p.  76)  indicates  that  erosion  on  various  brasses 
at  high  velocities  will  be  serious.  However,  Ref.  19  states  that 
the  copper-tin  alloys  (high-tin  bronzes)  show  good  resistances  to 
such  attack.  The  use  of  high  tensile  corrosion  resistant  steels 
increases  the  cost  of  the  basic  material  and  multiplies  ths  manu¬ 
facturing  costs.  (In  time  of  conflict,  such  material  would  be  in 
short  supply  and  some  substitute  would  need  to  be  found). 

The  use  of  a  laminated  glass  fiber  base  plastic  material  for  the 
construction  of  the  exterior  surface  of  hydrofoils  and  struts  may- 
have  several  advantages  over  the  use  of  steel.  The  material  is 
light  in  weight  and  will  give  a  smooth,  easily  fabricated  surface 
which  may  be  free  from  corrosion  and  fouling  worries. 

To  obtain  struts,  which  by  their  very  shape  are  critical  items, 
fabricated  entirely  from  fibreglaa  would  require  struts  of  greater 
thickness  than  the  comparable  steel  struts  except  where  propeller 
shafts  and  controls  dictate  the  strut  sizes.  The  modulus  of  elas¬ 
ticity  for  fibreglaa  is  approximately  one-seventh  that  of  steel 
and  the  allowable  working  stress  is  somewhat  lower  than  that  for 
mild  steel.  The  problems  of  making  joints  between  the  struts  and 
foils  and  between  the  struts  and  hull  are  much  more  difficult  in 
the  laminated  glass  fiber  reinforced  plastic  than  in  the  steel 
structure.  The  problem  of  proper  quality  control  is  also  of  e*- 
tresw  importance  in  fibreglaa,  especially  in  thick  sections.  The 
weak  of  the  Structures  Branch,  Aircraft  Laboratory,  Hq.,  Air 
Materiel  Command,  during  World  War  H  in  applications  of  laminated 
glass  fiber  baaed  plastics  to  aircraft  fuselages  bears  this  out. 
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From  Ref.  3  it  appears  that  the  Germans  came  to  the 
conclusion  that  only  high  strength  alloy  steels  are 
suitable  for  large  craft.  Although  it  is  noted  from 
some  of  the  literature  that  aluminum  alloys  had  been 
used  for  construction  of  foils  on  one  of  the  vessels, 
the  advisability  of  its  use  in  large  ships  may  be 
seriously  questioned.  The  Germans  also  concluded 
that  steel  castings  and  forgings  could  not  be  used. 
V/ithout  the  substantiating  evidence,  the  logic  behind 
such  conculsions  cannot  be  ascertained. 

Consideration  has  been  given  to  the  use  of  aluminum 
alloy  extrusions  for  the  fabrication  of  foils  (and 
possibly  struts)  in  a  10-ton  hydrofoil  test  craft 
where  the  corrosion  prevention  would  be  supplied  by 
a  layer  of  fibreglas  laminate,  Plywell,  metal  spray 
coat,  or  Rescweld.  This  appears  promising  from  the 
standpoint  of  quality  control  of  strength,  from  cost, 
from  strength  and  from  weight. 
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APPENDIX  I 

EFFECT  OF  CHANGE  FROM  SOLID  TO  HOLLOW  SECTIONS 


The  structural  data  which  are  used  in  the  Hydrodynamics  section 
to  determine  preliminary  performance  charts  are  for  solid  struts 
and  foils.  As  the  gross  weight  of  the  hydrofoil  craft  increases, 
the  struts  and  foils  will  change  from  solid  to  hollow  sections 
to  provide  feasible  methods  of  fabrication  and  to  provide  for 
reasonable  structural  weight.  It  is  desirable,  therefore,  to 
know  what  effect  this  structural  modification  has  upom  1.  the 
estimated  hydrodynamic  performance,  and  2.  the  structural  fac¬ 
tor  of  safety  if  the  exterior  dimensions  are  held. 

The  skin  thickness  and  chord  affect  the  percent  thickness  re¬ 
quired  in  order  to  have  a  section  with  the  same  sectional  moment 
of  inertia  as  the  solid  section.  Basing  consideration  only  upon 
beam  bending,  to  determine  the  increase  in  thickness  of  the  hollow 
section  over  the  solid  section,  the  section  modulus  of  the  hollow 
section  must  equal  that  of  the  solid  section.  This  gives: 


F.qUo  53 


where  7^  *  thickness  ratio  of  the  equivalent  hollow  section, 

s  thickness  ratio  of  the  initial  solid  section, 
and  ?j  *  ratio  of  inside  chord  to  outside  chord,, 

Equation  53  is  plotted  in  Figure  (1*9)  with  the  thickness  ratio 
of  the  hollow  section  as  ordinate  and  the  thickness  ratio  of  the 
solid  section  as  abscissa  and  various  chord  ratios. 


The  akin  thickness,  too, 


then  becomes: 


Equ.  5U* 


The  ratio  of  the  hollow  section  moment  of  inertia  to  that  of 
the  solid  section  moment  of  inertia,  where  the  outside  chord 
and  thickness  ratio  for  the  two  are  identical,  gives  the  de¬ 
crease  in  bending  moment.  In  other  words,  it  gives  the  de¬ 
crease  in  the  margin  of  safety  or  the  factor  of  safety  to 
maintain  sero  margin  of  safety.  This  ,?atio  is  equal  to  ( \  -Jj  )« 
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Example:  An  indication  of  the  effects  of  thi3  structural 
modification  is  shown  with  a  £00-ton  vessel.  A 
four-strut  configuration  with  a  limit  hydrofoil  loading  of 
2.2  ksf  is  selected.  The  structural  material  selected  is 
mild  steel  with  y  , 

From  Equation  9,  p.  26,  the  thickness  ratio  of  the  hydrofoil 
becomes  1 3.56’  percent  for  an  aspect  ratio  of  20.  Thus,  the 
hydrofoil  area  is  1020  square  feet,  the  chord  length  becomes 
7«l5  feet,  the  span  become*  lli3  feet,  and  the  maximum  thick¬ 
ness  becomes  11.62  inches. 

If  the  skin  thickness  of  the  hydrofoil  is  selected  a a  2.0 
inches,  then  from  Equation  5h,  \  *  0.701  (approx.)  if  «  15.6 
percent.  For  that  value  of  \  ,  aquation  53  yields  s  15.58 

percent.  Hence,  the  thickness  increases  approximately  lU.8 
percent.  However,  had  the  thickness  been  held  constant,  from 
Equation  5h  (replacing  £*  by  'C,  )  *  0.655,  and 

(  \  - >^‘)  m  1-0. 18U  *  0,8l6.  The  factor  of  safety  would  then  be 
reduced  from  2,0  to  1,632. 

For  a  hollow  strut  to  support  the  seme  axial  column  load, 
the  hollow  strut  must  possess  the  same  least  moment  moment 
of  inertia  as  tha  solid  strut  because: 

4-  !x 

thus, 


CONFIDENTIAL 


96 


APPENDIX  II 

EFFECT  OF  TORSION  ON  HOLLOA'  HYDROFOILS 


The  effect  of  the  shear  stress  due  to  torsion  in  hollo*  hydro¬ 
foils  must  be  combined  with  the  normal  bending  stresses  and  the 
normal  shear  stresses  in  determining  margins  of  safety  and  skin 
thicknesses  for  hollow  hydrofoils.  The  torsional  shear  stress 
for  a  hollow  section  is  normally  expresses  as: 


Since 


T 


2-  ia 


Equ.  £6 


As»  c  ,  the  mean  enclosed  area  becomes 


2.  X  Z 

3 -^c  +3“'*fc 


'm 


(iill 


,o«. 


(>+0 


Equ.  57 


Substituting  the  value  of  Am  from  Equation  57  and  the  value 
of  t#  from  Equation  5U  into  Equation  56  gives: 

-b  nr 

Xt  -  . . - - - k  *  Equ.  58 


V  «•*  (.'+ilX'  -li) 


The  torsional  deflection  for  a  hollow  hydrofoil  of  constant 
section  may  be  expressed  as: 


KG 


Equ.  59 


Hera,  i  ia  the  angle  of  twist  in  radians,  Q  is  the  length 
under  consideration  in  inches,  HT  ia  the  torque  at  length  | 
in  kip»inchss  and  K  is  the  torsional  oonstant  of  the  section 
in  inches**. 


Where 


K 


(Ref.  6) 


A>  Astn^a 

and  Uy  is  length  of  the  median  boundary. 

Far  thin  skins,  ^approximately  equals  2-i- 

A 


Equ,  60 


(*- +  O 
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Thus,  by  substituting  the  above  value  for  U,  and  the  value  of 
Affi  from  Equation.  i>7  into  Equation  60, 


Equo  6l 


Equ„  62 
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SYMBOLS 


Symbol 

Description 

Unit 

_  .  . 

Forward  foil  aspect  ratio. 

— 

/%>£ 

Aft  foil  aspect  ratio. 

— 

t> 

Foil  span  used  as  lateral  reference  length. 

ft. 

Forward  foil  span. 

ft. 

b* 

Aft  foil  span. 

ft. 

C0 

Total  drag  coefficient,  based  on  S. 

— 

Co* 

Forward  foil  drag  coefficient  based  on  Sm. 

Forward  foil  parasite  drag  coefficient  based 
on  Sm. 

— 

u*JjcL 

Forward  foil  induced  drag  coefficient  index 
based  on  Sm„ 

mm  r* 

cH 

Aft  foil  drag  coefficient  based  on  S^. 

— 

Coot 

Aft  foil  parasite  drag  coefficient  based  on  S^.« 

— 

/Mi 

Aft  foil  induced  drag  coefficient  index  based 
on  St. 

mm  rm 

Ch 

Hinge  moment  coefficient. 

— 

Cl 

Lift  coefficient  based  on  S. 

Forward  foil  lift  coefficient  based  on  Sjjj. 

— 

Forward  foil  lift  curve  slope  based  on  Sn. 

l/r&d. 

Cl* 

Aft  foil  lift  coefficient  based  on  S^. 

— • 

Cl<* 

Aft  foil  lift  curve  slope  based  on  S^. 
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SYMBOLS  (cont.) 


Symbol 

Description 

— 

Rolling  moment  coefficient. 

am  ml 

Qih  * 

Typical  lateral  stability  derivative. 

— 

Cy* 

Pitching  moment  coefficient. 

— 

Cy*Q)ttc. 

Typical  longitudinal  stability  derivative. 

— 

Cn 

Yawing  moment  coefficient. 

— 

Cx 

Longitudinal  force  coefficient. 

~ 

Cy 

Side  force  coefficient. 

— 

c* 

Vertical  force  coefficient.  l 

— 

£* 

Forward  foil  center  of  area  chord,  cl»4"  F^Ar- 

5r 

Aft  foil  center  of  area  chord,  2^*  4- 

*o 

ft. 

ft. 

D 

Differential  operator,  ^/<it 

l/  sec. 

<L 

Height  or  wave  surface  above  mean  water  level 
at  height  measuring  device. 

fto 

Distance  of  center  of  drag  of  forward  foil 
below  center  of  gravity. 

ft. 

dr 

Normal  distance  between  thrust  line  and  center 

of  gravity. 

ft. 

dt 

Diatanoe  of  center  of  side  force  on  aft  strut 
below  center  of  gravity. 

ft. 

Distance  of  center  of  drag  of  aft  foil  below 

C 

center  of  gravity. 

ft. 

e 

Roll  angle  measured  by  lateral  sensing  system. 

rad. 

G/*)f**c 

Typical  servo  component  transfer  function. 
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SYMBOLS  (cont.) 


Symbol 

Description 

Unit 

Acceleration  of  gravity. 

ft./sec.2 

h 

Vertical  disturbance  of  craft  center  of 
gravity  from  equilibrium. 

ft. 

H 

Laplace  transform  of  h. 

fto 86Co 

Xx# 

Lateral  product  of  inertia. 

slugs  ft.2 

K 

Weight  coefficient. 

— 

K, ,  etc. 

Typical  sorvo  component  gain  ratio. 

— 

k« 

Forward  foil  inertia  coefficient. 

— 

Aft  foil  inertia  coefficient. 

— 

Roll  radius  of  gyration. 

ft. 

Pitch  radius  of  gyration. 

ft. 

k* 

Yan  radius  of  gyration. 

ft. 

£ 

Rolling  moment* 

lb. fto 

Longitudinal  reference  length. 

ft. 

Forward  foil  arm. 

fto 

4 

Aft  foil  arm. 

fto 

Jty,  e-tc. 

Typical  lateral  stability  coefficient. 

— 

H 

Pitching  moment. 

lb. fto 

vn 

Craft  mass. 

slugs 

7 n&>  6  ?c, 

Typical  longitudinal  stability  coefficient. 

— 

sr 

Yawing  moment. 

lb.  ft. 

% 

Dynamic  pressure. 

Ib./fto2 

. .*». ... 

Terminal  turning  radius. 

fto 
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SYMBOLS  (cont.) 


Symbol 

Description 

- - 

Unit 

£ 

Laplace  transform  of 

rad.seco 

dt/cU, 

Downwash  angle  gradient  at  rear  foil  due  to 
lift  of  forward  foil» 

— 

& 

Pitch  angle,  positive  for  bow  upo 

rado 

0 

Laplace  transform  of  0 

rad. sec. 

TV) 

Longitudinal  density  ratio, 

— 

Lateral  density  ratio,  w  «  jZL, 

o5  6 

«*«• 

Water  density..  \ 

slugs/ ft. 

V 

*m 

Time  factor^  X  * 

Roll  angle,  positive  for  right  side  down. 

rad. 

•ft 

Roll  angle  in  steady  turn. 

rado 

XL 

■ 

Denominator  of  longitudinal  approximate  trans- 

J, 

fer  functiono 

sec. 
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I.  INTRODUCTION 


In  this  report  the  stability  analysis  is  divided  into  two 
distinct  parts.  Sec.  II  considers  the  general  problem  of 
stability  of  a  variety  of  types  of  hydrofoil  configurations. 

Sec.  Ill  presents  the  results  of  a  basic  stability  analysis 
for  a  test  vehicle  preliminary  design  which  incorporates  the 
results  of  performance  and  structural  studies. 

A  hydrofoil  craft  design  based  on  rational  consideration  of 
performance,  strength  and  stability  requirements  must  repre¬ 
sent  a  series  of  design  decisions  and  compromises.  Performance 
and  strength  characteristics  can  be  studied  rather  generally 
by  the  use  of  design  charts  representing  envelops  of  limiting 
configurations  which  conform  to  certain  reasonable  fixed 
criteria,  unfortunately,  the  stability  of  families  of  configu¬ 
rations  cannot  be  studied  usefully  in  this  manner  because  of 
the  complexity  of  the  requirements  and  the  lack  of  definite 
numerical  criteria.  In  general,  it  is  only  possible  to  present 
the  results  of  detailed  studies  of  specific  configurations  anc* 
an  outline  of  the  relative  advantages  or  disadvantages  of  each 
configuration  studied. 

Sec.  II  includes  a  group  of  necessary  conditions  which  must  be 
satisfied  in  order  to  demonstrate  minimum  satisfactory  stability 
characteristics.  Equations  for  the  investigation  of  these  con¬ 
ditions  are  derived  and  presented  in  terms  of  dimensionless 
coefficients. 

Various  types  of  hydrofoil  configurations  are  discussed  from  a 
purely  functional  point  of  view.  No  attempt  is  made  to  evaluate 
the  merits  of  complete  craft  employing  the  foil  types  mentioned# 

The  investigation  of  stabilisation  of  completely  submerged  foil 
configurations  by  movable  controls  was  first  suggested  to  the 
personnel  of  this  project  by  Dr#  Vannevar  Bush.  This  method  of 
stabilisation  has  since  proved  to  offer  the  most  promise  for 
the  type  of  craft  with  which  this  report  is  most  intimately 
concerned.  During  the  course  of  the  investigation.  Dr,  Bush 
has  made  many  valuable  suggestions  concerning  the  methods  and 
the  control  systems  used  in  achieving  stability  by  this  means. 

Sec.  Ill  presents  the  results  of  an  investigation  of  necessary 
stability  conditions  for  the  proposed  test  vehicle.  This 


vehicle  is  designed  to  demonstrate  the  performance  of  a  type 
of  hydrofoil  arrangement  which  can  achieve  lift  to  drag  ratios 
in  a  useful  range  for  transportation  vehicles .  The  stability- 
system  used  in  this  craft  makes  use  of  movable  controls  on 
completely  submerged  foils  and  the  analysis  of  the  system 
follows  servomechanism  methods. 

The  heavy  reliance  on  theory  in  the  stability  considerations 
of  this  report  is  in  narked  oontrast  to  the  experimental 
methods  used  almost  exclusively  by  previous  investigators  in 
the  field  of  hydrofoil  craft.  This  report  i3  intended  as  a 
theoretical  background  for  the  study  of  load  carrying  hydro** 
foil  craft  and  the  methods,  assumptions  and  equipment  presented 
here  must  be  proven  experimentally  before  the  theory  can  be 
accepted  as  properly  representative  of  the  behavior  of  this 
type  of  vehicle. 

Symbol  notation  is  similar  to  the  notation  used  in  aircraft 
stability  analyses.  Whenever  possible,  the  notation  is  ar¬ 
ranged  to  avoid  confusion  with  the  symbols  used  in  the  struc¬ 
tures  and  performance  divisions  of  this  report.  However,  all 
the  symbols  do  not  conform  with  the  notation  of  the  other 
divisions  and  the  list-  of  symbols  is  intended  to  apply  to 
this  division  onlye 
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n.  AN  ALTS  IS  OF  STABILITY  AND  CONTROL 


In  this  section,  methods  for  the  investigation  of  stability  and 
control  of  hydrofoil  craft  are  developed.  The  analysis  presented 
is  intended  to  be  applicable  to  a  hydrofoil  craft  when  operating 
completely  supported  on  its  foils.  The  very  important  trim  con¬ 
siderations  during  take-off  can  be  treated  by  methods  similar  to 
those  used  in  hull  design  and  a  useful  treatment  of  this  subject 
is  beyond  the  scope  of  this  report. 

Part  of  the  purpose  of  this  section  is  to  present  a  summary  of 
literature  available  on  the  subject  of  hydrofoil  craft  stability. 
Many  of  the  references  given  in  this  report  contain  information 
on  stability  of  specific  configurations.  However,  the  total  of 
the  information  available  is  fragmentary  and  often  simply  quali¬ 
tative  so  that  a  comprehensive  study  and  comparison  of  the  con¬ 
figurations  which  have  been  tested  is  not  possible.  The  summary 
of  configurations  includes  the  broad  aspects  of  the  stability 
characteristics  of  most  of  the  important  hydrofoil  craft  which 
are  discussed  in  the  available  literature. 

The  methods  and  nomenclature  associated  directly  with  the  theo¬ 
retical  stability  calculations  of  this  report  are  most  closely 
related  to  those  employed  in  the  study  of  aircraft  stability. 

Some  of  the  investigation  employs  the  methods  and  nomenclature 
of  electrical  engineering  and  servomechanism  analysis.  The  ref¬ 
erences  which  are  cited  as  detailed  background  for  the  equations 
presented  here  are  recommended  for  clarification  of  nomenclature 
for  those  not  familiar  with  these  fields. 

Although  the  theoretical  treatments  of  various  types  of  hydrofoil 
craft  follow  parallel  lines,  the  practical  achievement  of  dif¬ 
ferent  types  of  designs  may  require  very  different  approaches. 
Hydrofoil  craft  with  foils  which  pierce  the  surface  or  plane  on 
the  surface  usually  have  characteristics  which  are  best  investi¬ 
gated  experimentally.  This  has  been  the  approach  of  most  design 
efforts  to  date.  The  theoretical  analysis  which  is  presented  in 
this  report  i3  of  limited  usefulness  in  the  development  of  such 
a  craft.  On  the  other  hand,  a  configuration  employing  foils 
which  arc  completely  submerged  at  all  timso  can  be  investigated 
quite  thoroughly  by  the  methods  of  theoretical  hydrodynamics  and 
free  body  dynamics.  These  differences  in  design  procedure  are 
discussed  in  greater  detail  in  the  portion  of  this  section  which 
deals  with  hydrofoil  configurations. 
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A.  STABILITY  REQUIREMENTS 


A  hydrofoil  craft  has  stability  requirements  which  are  a  combina¬ 
tion  of  those  found  in  aircraft  and  ships.  The  proximity  of  the 
foils  to  the  water  surface  imposes  requirements  similar  to  those 
found  associated  v/ith  displacement  or  planing  surface  vessels. 

The  craft  must  stay  at  a  proper  attitude  with  respect  to  the 
surface  and  it  must  be  capable  of  operation  in  waves  or wells. 

On  the  other  hand,  its  lift  and  control  members  operate  by  pres¬ 
sure  induced  by  their  shapes,  attitudes  and  speed  through  the 
water.  A  satisfactory  specification  for  stability  requirements 
must  recognize  the  similarities  and  differences  of  the  principles 
of  operation  of  hydrofoil  vessels  and  other  types  of  fluid-borne 
vehicles. 

Various  types  of  hydrofoils  are  potentially  capable  of  operating 
usefully  over  a  wide  range  of  conditions,,  In  the  actual  design 
of  a  vessel,  emphasis  should  be  placed  on  best  performance  for 
one  particular  type  of  operation  and  this  will  almost  always 
penalize  the  performance  for  other  purposes.  In  the  same  way, 
the  emphasis  in  designing  for  stability  will  be  determined  by 
stability  requirements  which  depend  to  a  certain  extent  on  the 
region  of  operation.  Thus,  a  specific  requirement  which  may  be 
loosely  specified  and  easily  achieved  for  one  type  of  craft  may 
be  very  critical  and  difficult  to  accomplish  for  another.  How¬ 
ever,  in  spite  of  where  the  emphasis  is  placed,  all  the  basic 
requirements  of  stability  must  be  present  in  some  form  for  every 
craft  and  for  all  operating  conditions „ 

1.  PERFORMANCE  CONSIDERATIONS. 

In  another  section  of  this  report,  the  performance  potentiali¬ 
ties  of  hydrofoils  as  load  carrying  devices  are  analyzed.  There 
are  several  types  of  water-borne  vehicles  with  design  emphasis 
on  different  features  for  which  hydrofoil  designs  potentially 
offer  distinct  advantages  over  displacement  vessels „ 

a.  High  Speed. 

The  design  emphasis  for  most  existing  hydrofoil  craft 
has  been  on  speed.  However,  there  are  no  available  reports  which 
show  comprehensive  studies  of  the  problem  of  obtaining  high  speed. 
There  are  some  reports,  such  as  in  Ref.  (  1  ),  on  the  develop¬ 

ment  of  foil  sections  to  inhibit  incipient  cavitation  without  a 
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clear  demonstration  of  the  effect  of  cavitation  on  high  speed. 

The  stability  problems  peculiar  to  craft  designed  specifically 
for  high  speed  appear  to  be  divided  roughly  into  two  types. 

First,  the  trim  and  stabilization  must  be  achieved  with  the 
smallest  possible  drag  penalty.  This  does  not  necessarily 
mean  that  the  lifting  surfaces  should  also  be  used  for  stabili¬ 
zation.  It  may  turn  out  to  be  of  considerable  advantage  to 
develop  the  best  high  speed  configuration  and  then  stabilize 
it  with  surfaces  which  are  for  that  purpose  alone.  The  second 
consideration  is  that  the  craft  must  be  able  to  respond  to 
waves  sufficiently  to  keep  the  hull  out  of  the  water  without 
riding  excessively  hard.  The  problem  of  providing  proper  wave 
response  at  very  high  speeds  may  be  the  most  important  single 
factor  in  the  selection  of  a  final  configuration. 

b.  Lift-to-Drag  Ratio. 

A  performance  parameter  which  is  of  greater  importance 
than  high  speed  for  hydrofoil  craft  intended  as  transportation 
vehicles  is  the  ratio  of  lift  to  drag.  In  another  section  of 
this  report  the  means  of  obtaining  good  lift-to-drag  ratios 
with  foil  systems  designed  to  reasonable  structural  strength 
criteria  are  explored.  A  basic  lifting  fill  with  relatively 
high  aspect  ratio  that  operates  completely  below  the  surface 
appears  to  be  capable  of  achieving  lift-to-drag  ratios  of  a 
high  enough  order  to  be  acceptable  for  many  transportation 
purposes  at  reasonably  high  speeds. 

Two  arrangements  employing  high  aspect  ratio  foils  offer  the 
most  promise.  One  configuration  consists  of  a  single,  large 
foil,  supporting  most  of  the  weight  of  the  craft  and  small  auxi¬ 
liary  submerged  foils  for  balance  purposes.  Another  configura¬ 
tion  is  a  tandem  arrangement  of  two  foils,  each  of  which  carries 
a  part  of  the  craft  weight.  Neither  of  these  foil  systems  has 
height-seeking  stability  so  that  some  type  of  stabilisation 
must  be  provided. 

The  stability  analysis  of  this  report  is  particularly  applicable 
to  exploring  means  of  stabilizing  completely  submerged  foils. 

H  must  be  kept  in  mind  that  in  order  to  achieve  the  best  over¬ 
all  vehicle  design,  the  drag  due  to  stabilisation  should  be  as 
small  as  possible. 

2,  WAVE  RESPONSE 

The  requirements  for  wave  response  characteristics  of  hydro¬ 
foil  craft  can  only  be  specified  in  general  terms  without  actual 
operating  experience.  The  riding  qualities  of  any  craft  must  lie 
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somewhere  between  two  conflicting  ideal  requirements.  From 
the  point  of  view  of  crew  comfort,  the  craft  should  position 
to  the  mean  location  of  the  water  surface  and  not  respond  at 
all  to  surface  irregularities.  From  the  point  of  view  of 
keeping  the  hull  out  of  the  water,  the  craft  should  follow 
the  surface  very  closely.  In  general,  neither  of  these  char¬ 
acteristics  would  be  satisfactory  and  sometning  in  between  is 
desirable,  depending  on  wave  height  and  speed.  The  actual 
characteristics  of  a  craft  will  be  a  further  compromise  be¬ 
tween  the  response  characteristics  which  are  finally  chosen 
and  the  extent  to  which  they  can  be  achieved  within  the  selec¬ 
tion  of  configurations  available  for  the  designo 

Without  attempting  to  write  rigid  specifications,  it  is  possi¬ 
ble  to  outline  some  qualitative  response  requirements.  The 
craft  should  ride  perfectly  smooth  on  water  with  a  chop  light 
enough  30  that  there  is  no  danger  of  water  hitting  the  hullo 
As  the  wave  size  increases,  the  craft  should  tend  to  follow 
the  waves  more  closely.  For  large  waves,  it  should  follow 
almost  exactly.  The  actual  size  of  waves  for  which  these 
regions  of  response  characteristics  apply  is  determined  by  the 
clearance  which  the  hull  is  intended  to  maintain  above  the 
water  surface.  Tight  following  action  should  begin  at  wave 
height  about  the  same  as  the  clearance  dimension. 

In  order  to  find  the  expected  frequencies  of  encountering 
waves  for  various  speeds,  wave  heights  and  directions  of  travel, 
it  was  necessary  to  consult  a  study  of  wave  characteristics. 
From  the  information  presented  in  Hef.  (2  ),  the  following 

general  properties  of  deep  water  waves  appear  to  be  reasonable 
assumptions  for  frequency  response  purposes: 

Length  to  height  ratio  averages  17  for  waves  less 

than  100  feet  long.  Height  is  measured  from  crest 

to  trough  and  length  from  crest  to  crest. 

Aave  velocity  can  be  computed  from  deep  water  wave 

theory: 


0  -  velocity  of  advance  (ft./sec.) 
g  -  acceleration  of  gravity  (ft./sec.2) 
L  -  length  of  wave  (ft.) 
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Deep  water  wave  theory  indicates  that  water  parti¬ 
cles  hav8  a  circular  motion  and  the  diameter  of 
the  circle  at  the  surface  is  the  wave  height. 


The  diameter  of  the  circle  of  wave  motion  decreases 
with  depth  according  to  the  formula: 


d  - 

■37 


r-T 


d  m  diameter  of  circle  at  depth  y.  (ft.) 
d0  «  diameter  at  surface,  (ft.) 
y  =  depth  of  center  of  circle,  (ft.) 

L  *  wave  height,  (ft.) 


The  period  of  the  motion  does  not  change  with  depth 
so  that  velocities  decay  with  depth  in  the  same 
manner  as  the  particle  circle. 

Fig.  (  1  )  shows  the  frequencies  of  encountering  waves  as  func¬ 
tions  of  wave  height  and  craft  speed  for  a  following  sea  and  a 
head  sea  based  on  the  assumptions  above.  These  curves  serve  as 
a  guide  to  the  disturbance  frequencies  and  amplitudes  that  can 
be  expected  for  hydrofoil  craft.  Fig.  ( 2  )  shows  the  orbital 
motion  velocities  that  can  be  expected  at  and  below  the  surface, 
based  on  these  assumptions »  These  orbital  motions  may  be  im¬ 
portant  because  of  the  load  factors  they  can  cause  on  foils 
operating  completely  below  the  surface. 

The  conclusion  which  can  be  drawn  from  this  brief  consideration 
of  wave  frequencies  is  that  every  craft  has  a  maximum  rough 
water  speed,  depending  on  three  factors.  These  factors  are 
hull  clearance  above  water,  wave  height  and  direction  of  travel 
relative  to  the  wave  propagation  direction.  There  is  also  some 
wave  size  below  which  it  is  possible  to  operate  the  craft  at 
any  speed  without  discomfort  and  regardless  of  direction  of 
wave  propagation 

3.  NECESSARY  STABILITY  CONDITIONS. 

In  order  to  demonstrate  that  a  hydrofoil  vessel  will  main¬ 
tain  a  desired  attitude  in  calm  water  for  an  extended  period  of 
time,  a  aeries  of  necessary  conditions  must  be  satisfied.  No 
single  one  of  these  conditions  is  sufficient  to  guarantee  satis¬ 
factory  operation  and  the  lack  of  any  one  of  them  will  cause  the 


CONFIDENTIAL 


0, 


craft  to  be  unsatisfactory.  They  represent  the  minimum  stability 
requirements.  Each  of  the  quantitative  measures  of  stability  can 
be  modified  by  configuration  or  mechanism  changes  to  achieve  char¬ 
acteristics  which  are  more  desirable  for  various  ranges  of  operation. 

a.  Longitudinal  and  Lateral  Trim. 

The  first  requirement  for  stability  is  that  there  be  some 
attitude  of  equilibrium  in  steady  undisturbed  operation  at  each 
speed. 

For  longitudinal  trim  where  all  forces  and  moments  remain  in  the 
plane  of  symmetry,  the  following  relationships  must  be  satisfied. 
Lift-  equals  weight.  Thrust  equals  drag.  The  pitching  moment 
about  the  center  of  gravity  must  bo  zero. 

Lateral  trim  places  requirements  on  forces  and  moments  not in  the 
plane  of  symmetry.  The  rolling  moment  about  an  axis  through  the 
center  of  gravity  and  pointing  in  the  direction  of  motion  must 
be  zeroi  The  yawing  moment  about  a  vertical  axis  through  the  cen¬ 
ter  of  gravity  must  be  zero.  The  side  force  in  a  direction  normal 
to  the  plane  of  symmetry  must  be  zero  in  straight  operation  and 
must  be  in  balance  with  centrifugal  acceleration  and  forces  dra  to 
the  roll  angle  in  a  steady  turn. 

It  should  be  remembered  that  these  requirements  are  simply  equili¬ 
brium  conditions  and  no  mention  has  yet  been  made  of  the  behavior 
of  the  craft  if  it  is  disturbed  from  equilibrium. 

b.  Static  Longitudinal  Stability,  Directional  and  Roll 
Stability, 

The  next  requirement  Is  that  a  craft  which  has  an  angular 
disturbance  from  equilibrium  oust  tend  to  return  toward  the  equili¬ 
brium  position. 

The  longitudinal  requirement  is  called  "longitudinal  static  stabi¬ 
lity"  and  specified  that  a  disturbance  pitch  angle  which  raises 
the  bow  must  cause  a  bow  down  pitching  moment  on  the  craft. 

There  are  two  lateral  static  stability  requirements.  Directional 
stability  requires  that  a  disturbance  yaw  angle  with  the  bow  to 
the  right  from  equilibrium  must  result  in  a  yawing  moment  which 
tends  to  turn  the  bow  to  the  left.  Roll  stability  requires  that 
a  roll  angle  from  equilibrium  must  result  in  a  righting  rolling 
moment. 

Note  that  the  satisfaction  of  these  requirements  does  not  neces¬ 
sarily  imply  that  the  craft  will  actually  return  and  remain  in  the 
equilibrium  position  following  a  disturbance. 
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c»  stability  to  Height  above  Surface. 

In  order  lor  a  hydrofoil  craft  to  remain  at  the  desired 
height  above  the  water  surface,  it  must  lose  lift  if  it  rises 
above  that  height  and  gain  lift  if  it  sinks  deeper.  This  re¬ 
quirement  may  be  satisfied  by  having  a  bow  down  pitching  moment 
result  from  rising  too  high  and  the  decreased  angle  of  attack, 
caused  by  the  pitching  moment,  can  then  cause  tlie  decreased 
lift.  Regardless  of  how  it  is  accomplished,  a  hydrofoil  vessel 
must  demonstrate  a  tendency  to  return  to  an  equilibrium  height 
above  tho  water  when  it  rises  or  sinks  from  that  position. 

do  Dynamic  Stability. 

In  order  for  a  dynamically  supported  vehicle  to  continue 
to  operate  for  an  extended  time,  it  must  return  to  equilibrium 
following  a  disturbance,  ^his  may  be  accomplished  by  a  damped 
oscillation  or  by  an  exponental  decay  of  the  disturbance,  or 
both.  The  failure  to  return  to  equilibrium  may  be  evidenced  by 
a  divergent  oscillation  or  by  an  exponental  divergence.  The 
occurence  of  a  neutrally  damped  mode  is  usually  considered  un¬ 
satisfactory  dynamic  behavior. 

It  might  appear  at  first  that  dynamic  stability  is  a  sufficient 
condition  for  satisfactory  hydrofoil  craft  operation.  However, 
a  configuration  with  fixed  foils  submerged  completely  below  the 
water  can  have  angle  and  velocity  disturbances  damp  to  zero  and 
still  lack  height  stability  and  have  insufficient  roll  stability 
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B.  CONFIGURATIONS  ATT!!  ALL  FOILS  FIXED 


There  is  a  considerable  body  of  technical  literature  reporting  on 
design,  construction  and  testing  of  various  hydrofoil  crafto  These 
efforts  vary  from  simple  attempts  to  improve  the  high  speed  water¬ 
borne  characteristics  of  seaplanes  to  extensive  testing  of  good 
sized  vessels  and  proposals  for  very  large  craft.  Unfortunately 
most  of  the  literature  is  lacking  in  consistent  test  data  and  the¬ 
oretical  analyses  so  that  it  is  not  of  great  use  as  a  guide  for 
new  design  attempts,  ftith  a  few  exceptions,  the  craft  about  which 
reports  are  available  have  employed  foils  fixed  rigidly  to  a  hull 
and  operating  at  the  surface  of  the  water. 

A  fixed  foil  system  at  the  surface  of  the  water  i3  intended  to 
accomplish  four  purposes.  First,  it  must  support  the  weight  of 
the  craft.  Second,  it  must  tend  to  maintain  the  craft  at  some 
specific  average  height  above  the  water  surface.  Third,  it  must 
provide  roll  stability  by  tending  to  right  the  craft  if  it  should 
start  to  roll  over.  Fourth,  the  system  must  be  dynamically  stable 
both  laterally  and  longitudinally  so  that  disturbance  amplitudes 
subside  instead  of  increasing. 

In  most  fixed  hydrofoil  craft  to  date,  the  underwater  configura¬ 
tion  has  consisted  of  two  foil  systems  in  tandem, with  the  craft 
center  of  gravity  located  somewhere  between  them.  In  almost  all 
cases  both  systems  have  been  designed  to  contribute  directly  to 
the  first  three  objectives  mentioned  above.  Thus,  the  lifting 
surfaces  are  required  to  provide  height  and  roll  stability  so 
that  the  foil  designs  become  compromises  in  order  to  satisfy 
several  requirements.  Little  thought  has  evidently  been  given 
to  the  design  of  foils  to  best  accomplish  each  separate  objec¬ 
tive.  The  possibility  of  designing  a  foil  to  give  the  best  lift 
and  drag  characteristics  for  a  specific  application  and  then  sta¬ 
bilizing  it  with  foils  specially  designed  for  that  purpose  appears 
not  to  have  been  explored  in  the  literature.  Such  a  design 
philosophy  should  yield  batter  craft  for  both  performance  and 
stability  than  designs  where  foils  are  required  to  perform  several 
functions . 

Hydrofoils  which  contribute  to  height  or  roll  stability  by  opera¬ 
ting  at  the  water  surface  can  be  divided  roughly  into  three  * 
classes,  according  to  principle  of  operation. 
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1.  SLANTING  FOILS 

One  type  of  hydrofoil  which  has  been  used  extensively  has 
its  lifting  reembers  at  a  3lant  with  respect  to  the  water  surface. 
They  are  usually  shaped  like  a  "  V  "  or  "  U  11  in  front  elevation 
and  planforma  are  sometimes  constant  chord  and  sometimes  tapered 
to  a  smaller  chord  at  the  center.  A hen  a  craft  using  this  type 
of  foil  settles  into  the  water  below  the  equilibrium  position, 
added  foil  area  is  submerged  and  the  lift  increases,  causing  the 
vessel  to  rise.  A  righting  rolling  moment  is  also  developed 
when  the  craft  rolls  if  the  center  of  gravity  is  not  too  high. 

There  is  a  large  amount  of  descriptive  literature  about  craft 
incorporating  this  type  of  hydrofoil,  but  very  little  consistent 
data  on  the  foils  themselves.  Ref.  (  3  )  describes  several  craft 
using  "V"  and  "U"  foils  of  various  types.  Ref.  (  U  )  contains 
3crae  data  on  their  characteristics. 

There  are  several  types  of  slanting  foils  which  have  not  appeared 
in  the  literature  but  which  might  prove  to  have  desirable  charac¬ 
teristics.  The  "inverted  V",  the  "VI",  and  "inverted  W"  foils 
might  give  batter  roll  stability  than  the  "V"  or  "U"  foils. 
Another  type  of  foil  system  which  has  structural  advantages  looks, 
in  front  elevation,  somewhat  as  follows, 

The  initial  design  of  hydrofoil  craft  using  slanting  foils  for 
lift  or  stabilization,  or  both,  i3  severely  hampered  by  lack  of 
data  on  their  operating  characteristics.  Scale  effects  have  not 
besn  properly  evaluated  and  unsteady  lift  characteristics  have 
not  been  investigated  in  any  quantitative  manner.  Until  such 
investigations  have  yielded  basic  data  on  the  characteristics 
of  slanting  foils,  the  design  of  hydrofoil  craft  employing  them 
must  remain  largely  a  matter  of  testing  models  of  progressively 
larger  sizes  in  order  to  develop  a  satisfactory  configuration. 

2.  PLANING  FOILS 

Several  successful  hydrofoil  craft  designs  have  employed 
planing  surfaces  to  position  the  craft  with  respect  to  the  water 
surface.  Such  surfaces  have  no  better  performance  characteris¬ 
tics  than  conventional  planing  hulls  so  they  are  not  used  for  tba 
main  lifting  system.  However,  as  stabilizing  surfaces,  they  are 
quite  satisfactory  because  they  provide  a  very  positive  tendency 
to  locate  the  craft  correctly  with  respect  to  the  water  surface. 
Their  principal  disadvantage  is  their  tendency  to  skip  and  their 
generally  light  damping  of  disturbance  motions. 
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From  a  design  standpoint  the  planing  i'oil  has  the  advantage  that 
the  characteristics  of  planing  surfaces  have  been  studied  exten¬ 
sively  by  hull  designers.  This  Information  can  be  used  directly 
for  the  design  of  planing  foils  for  hydrofoil  craft.  Ref.  (  ) 

contains  descriptive  material  on  the  use  of  planing  foil3  for 
hydrofoil  craft. 

3,  LADDER  FOILS. 

A  vertical  cascade  of  horizontal  foils  mounted  like  the  rungs 
of  a  ladder  will  provide  height  stability.  Such  a  system  is  par¬ 
ticularly  attractive  for  performance  because  area  which  is  not 
needed  for  lifting  is  raised  out  of  the  'water  and  its  drag  is 
eliminated.  By  placing  "ladders"  on  each  side  of  a  craft,  ex¬ 
cellent  roll  stability  is  attainable.  Several  designs  have  been 
tested  with  some  portion  of  their  foil  system  employing  this 
principle.  Ref.  (  6  )  describes  craft  using  "ladder"  foils. 

Unfortunately  the  rough  water  characteristics  of  this  type  of 
system  are  undesirable.  If  the  craft  is  running  at  high  speed 
on  the  lower  rungs  of  the  ladder,  with  the  others  raised  out  of 
the  water,  and  it  encounters  a  wave  which  submerges  the  other 
foils,  the  lift  and  drag  of  the  "ladder"  can  be  increased  three 
or  four  times.  Such  load  factors  are  very  hard  on  the  structure 
and  the  craft's  occupants.  At  least  one  instance  of  the  destruc¬ 
tion  of  a  craft  from  this  cause  is  noted  in  the  literature. 

The  steady  characteristics  of  a  lifting  foil  cascade  operating 
near  the  surface  can  be  treated  theoretically  by  incompressible 
cascade  theory  so  as  to  yield  answers  sufficiently  accurate  for 
preliminary  design  purposes..  However,  the  problem  of  the  unsteady 
characteristics  of  such  a  system,  especially  as  foils  enter  or 
leave  the  water,  can  be  treated  best  experimentally.  No  consis¬ 
tent  test  data  on  foil  cascades  appear  to  be  available. 

U.  UNDERWATER  WINDS. 

The  well-developed  theory  of  lifting  surfaces  operating  in  an 
incompressible  fluid  can  be  used  to  predict  the  lift  and  drag-due- 
to-lift  of  a  completely  submerged  hydrofoil.  The  effect  of  the 
surface  can  be  predicted  hy  assuming  that  it  is  a  flat,  free  sur¬ 
face  and  using  tbs  principle  of  reflection.  The  effect  of  specified 
surface  irregularities  can  be  treated,  although  the  mathematics 
would  be  involved.  There  are  even  some  closed  solutions,  in  Ref. 

(7  ) i  for  two  dimensional  wings  which  include  the  disturbance 
of  the  surface  due  to  the  presence  of  a  lifting  hydrofoil  and  the 
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resulting  effect  on  tlse  hydrofoil.  This  extensive  theoretical 
background  and  the  vast  amount  of  test  data  on  wings  operating 
in  air  are  available  for  the  design  of  hydrofoils  which  operate 
completely  under  water  at  all  times-,  Such  methods  make  it  possi¬ 
ble  to  design  underwater  wings  which  best  perform  some  specified 
type  of  operation.  The  limits  imposed  by  cavitation  and  by  "air 
cavitation"  can  be  estimated  theoretically,  but  only  determined 
accurately  by  experiment.  To  date,  no  hydrofoil  craft  described 
in  the  available  literature  has  been  designed  to  taKe  advantage 
of  this  theoretical  and  experimental  background. 

The  great  disadvantage  of  the  fixed  underwater  hydrofoil  is  that 
it  is  not  stable  to  height  or  roll,  and  neither  are  combinations 
of  foils  of  this  type  alone,  dihedral  in  a  foil  with  the  tips 
submerged  does  not  give  satisfactory  roll  stability  because  of 
the  high  center  of  gravity  inherent  in  hydrofoil  craft.  The  high 
center  of  gravity  also  means  that  dihedral  doe3  not  produce  the 
same  effects  as  it  does  with  aircraft  which  employ  it  to  improve 
lateral  dynamic  stability.  Special  means  of  stabilization  for 
both  height  and  roll  ara  required  in  order  to  take  advantage  of 
the  desirable  and  predictable  performance  characteristics  of  the 
fixed  underwater  hydrofoil. 

COMBINATIONS  OF  FIXED  FOIL  TYPES 

Many  of  the  successful  hydrofoil  craft  reported  in  the  litera¬ 
ture  have  employed  two  or  more  types  of  hydrofoils  for  the  overall 
configuration.  These  combinations  are  intended  to  take  advantage 
of  certain  characteristics  of  some  of  the  foils  mentioned  above 
in  order  to  achieve  designs  with  some  desirable  stability,  per¬ 
formance  or  rough  water  behavior.  Ref.  (8)  describes  several 
craft  of  this  type. 

There  are  some  general  principles  which  are  usually  followed  in 
these  designs.  Planing  foils  are  almost  always  located  forward 
because  they  have  strong  depth  stability  and  poor  lift  curve  slopes. 
Slanting  foils  are  used  most  widely  and  usually  serve  for  main  lift¬ 
ing  surfaces  as  well  as  stabilising  members.  "Ladder"  foils  are 
usually  located  symmetrically  on  opposite  sides  of  a  craft  to  help 
give  roll  stability. 

A  configuration  which  cm  combine  the  low  drag-due -to-lift  of  the 
completely  submerged  foil  and  the  positive  stabilization  of  the 
planing  foil  offers  excellent  possibilities  for  a  satisfactory 
overall  craft.  A  aelf-propslled  test  craft  using  planing  foils 
forward  and  a  high  aspect  ratio  underwater  wing  just  aft  of  the 
center  of  gravity  has  been  tested  extensively  a3  part  of  the  pre¬ 
sent  investigation.  This  craft  is  very  stable  and  well  damped 
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laterally  and  longitudinally.  It  has  excellent  take-off,  landing 
and  rough  water  handling  characteristics.  The  turning  properties 
are,  in  general,  excellent  although  it  is  possible  to  raise  the 
forward  planing  foil  on  the  insi.de  of  a  turn  out  of  the  water  by 
suddenly  applying  rudder  to  tighten  the  turn.  No  special  skill 
is  necessary  to  operate  the  craft. 

The  purpose  of  the  test  vehicle  was  to  obtain  experimental  data 
on  the  performance  of  the  type  of  foil-strut  configuration  which 
is  recommended  in  the  division  of  this  report  dealing  with  per¬ 
formance.  The  forward  planing  foils  were  used  because  it  was 
felt  that  they  would  give  satisfactory  stability  vdth  a  minimum 
of  detailed  development.  Measurement  of  the  drag  of  the  entire 
craft  shows  that  the  forward  foils  impare  the  craft  performance 
quite  severely  and  that  the  best  performance  is  obtained  when  the 
forward  foils  are  most  lightly  loaded,  which  corresponds  to  the 
most  aft  permissible  center  of  gravity  location. 

No  detailed  stability  analysis  for  this  test  vehicle  is  presented 
here  because  of  the  lack  of  data  on  the  properties  of  planing 
foils  and  the  uncertainty  in  methods  for  computing  stability 
derivatives  for  such  configurations.  Evan  such  3imple  calcula¬ 
tions  as  static  trim  yield  very  uncertain  results  because  of  lack 
of  data.  However,  the  dynamic  stability  equations  presented  in 
a  later  section  of  this  report  apply  to  this  as  well  as  the  other 
fixed  foil  configurations.  Presumably  it  is  possible  by  experi¬ 
ence  to  develop  techniques  of  hydrofoil  craft  design  to  the  point 
where  dynamic  stability  analyses  have  real  meaning  for  fixed  foil 
craft.  Lacking  such  experience,  the  best  stability  analysis  ap¬ 
pears  to  involve  building  a  craft  and  trying  it  out. 
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C.  CONFIGURATIONS  WITH  ALL  FOILS  SUBlffiRGED  AND  MOVABLE  CONTROLS 


In  the  logical  development  of  a  dynamically  supported  water-borne 
vehicle,  a  configuration  with  all  lifting  and  stabilizing  sur¬ 
faces  submerged  offers  considerable  promise  for  several  reasons. 
Foremost  among  these  reasons  are  freedom  from  surface  irregulari¬ 
ties,  theoretical  and  experimental  information  available  for 
design,  and  better  performance  because  of  lack  of  surface  wave 
drag.  There  is  also  the  advantage  of  simple  control  of  "air  cavi¬ 
tation"  and  theoretical  prediction  and,  under  some  conditions, 
elimination  of  cavitation0 

Balanced  against  .  ..e  advantages  are  the  difficulties  resulting 

from  the  necessity  for  movable  controls  required  for  trim  and 
stabilization. 

1.  SINGLE  FOIL  CRAFT 

From  a  performance  standpoint,  the  most  desirable  configura¬ 
tion  is  a  single  underwater  wing.  A  straight  wing  alone  support¬ 
ing  a  load  several  chord  lengths  above  it  would  be  very  difficult 
to  trim  for  a  stable  center  of  gravity  location.  This  configura¬ 
tion  might  be  mads  to  give  satisfactory  stability  if  the  foil  had 
a  high  aspect  ratio  and  was  swept  back.  Such  a  foil  has  not  been 
considered  in  tills  investigation  because  of  the  difficult  struc¬ 
tural  and  hydroelastic  problems. 

2.  STABILIZER  FORWARD 

A  cortf igurat ion  which  can  be  trimmed  for  a  stable  center  of 
gravity  location  and  has  good  longitudinal  damping  consists  of  a 
large  foil  just  aft  of  the  center  of  gravity  and  a  small  stabili¬ 
zing  foil  forward.  One  advantage  of  thi3  configuration  is  that 
the  downwash  from  the  main  lifting  fail  does  not  affect  the  lift 
of  the  stabilizing  foil.  For  most  configurations,  ths  separation 
of  the  foils  will  be  large  enough  compared  to  the  stabilizing 
foil  span  so  that  its  downwash  will  not  have  a  large  effect  on 
the  main  foil. 

Several  promising-looking  configurations  with  this  arrangement 
were  investigated  for  longitudinal  trim  and  stability.  It  wu 
found  that  this  configuration  has  unsatisfactory  allowable  center 
of  gravity  travel,  due  largely  to  the  high  center  of  gravity  lo¬ 
cation  inherent  in  hydrofoil  craft.  The  aft  center  of  gravity 
limit  is  determined  by  static  stability.  The  high  center  of 
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gravity  location  causes  the  neutral  point  to  be  farther  forward 
than  it  would  be  if  the  center  of  gravity  were  located  at  the 
same  height  as  the  main  foil.  The  forward  center  of  gravity 
location  is  limited  by  stalling  of  the  stabilizing  surface  at 
take  off  due  to  the  required  trim  load.  Since  liberal  limits 
on  center  of  gravity  travel  is  one  of  the  characteristics  which 
is  dasired  in  any  useful  vessel,  this  limitation  imposes  a 
severe  handicap  on  the  configuration. 

3.  STABILIZER  AFT 

The  conventional  aircraft  configuration  consisting  of  a  main 
lifting  surface  just  forward  of  the  center  of  gravity  and  a  small 
stabilising  surface  aft  offers  satisfactory  trim,  stability  and 
damping.  However,  all  three  of  these  quantities  aro  influenced 
by  the  effect  of  main  foil  downwash  on  the  stabilizing  foil.  Also, 
the  trim  loads  on  the  stabilizing  foil  act  downward  so  that  the 
maximum  lift  coefficient  of  the  craft  suffers.  An  advantage  of 
the  configuration  is  that  the  main  foil  operates  in  undisturbed 
y/ater. 

Several  variations  of  this  configuration  ivero  investigated  for 
trim  and  stability.  It  was  assumed  that  the  dcwnwash  at  the 
stabilising  foil  due  to  the  lift  on  the  main  foil  was  the  full 
theoretical  value,  including  effect  of  the  water  surface.  This 
is  a  conservative  assumption  for  stability  and  a  non-conservative 
assumption  for  longitudinal  damping.  The  permissible  travel  of 
the  center  of  gravity  for  tbs  configurations  investigated  proved 
satisfactory,  although  at  tte  most  forward  center  of  gravity  lo¬ 
cation  the  lift-drag  ratio  suffered  due  to  a  dorm  load  on  the 
stabilizing  foil.  In  general  this  configuration  appears  to  be 
quite  satisfactory  for  hydrofoil  craft. 

U«  TYPES  OF  CONTROL  SURFACES, 

The  purpose  of  control  surfaces  is  to  impose  forces  or  aoiusnts 
on  the  craft  in  order  to  trim  it  and  to  correct  orientation  errors. 
Soma  special  control  elements  such  a3  spoilers,  slots,  rotors, 
variable  canber  or  auction  could  possibly  be  used  on  a  hydrofoil 
craft.  Ho  we  vo  r,  the  consideration  of  control  devices  in  this  in¬ 
vestigation  will  be  confined  to  movable  surfaces. 

For  the  type  of  hydrofoil  craft  considered  in  this  section,  the 
control  surfaces  must  perform  two  typos  of  functions.  First,  they 
must  trim  the  craft  longitudinally  to  tho  proper  lift  coefficient 
and  trim  in  roll  to  counteract  asymmetric  loading.  Thi3  function 
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can  be  accomplished  by  relatively  slow  deflection  of  tho  contx'ola. 
The  second  function  of  control  surfaces  is  to  maintain  proper 
height  above  the  water  and  correct  tendencies  to  roll.  The  speed 
at  which  the  surfaces  must  move  for  this  purpose  depends  on  the 
geometry  of  the  craft  and  on  its  velocity.  Control  deflection 
rates  of  the  order  of  60°/uqc.  and  frequencies  of  the  order  of 
two  cycles  per  second  are  typical  of  requirements  of  craft  for 
which  detailed  calculations  were  made. 

a.  All-Movable  Surfaces 


One  or  more  of  the  foils  on  a  hydrofoil  craft  can  be 
mounted  on  bearings  and  rotated  in  pitch  to  provide  pitch 
and  roll  trim  and  stabilization.  Such  foils  should  be  mounted  near 
their  aerodynamic  centers  to  minimize  the  control  loads.  It  is 
not  necessary  to  move  both  forward  and  aft  foils  since  their  re¬ 
lative  angular  attitude  determines  the  lift  coefficient  for 
longitudinal  trim.  However,  if  it  is  required  that  the  hydrofoil 
craft  hull  remain  level  at  all  speeds,  both  foils  must  be  able  to 
move.  It  is  ordinarily  desirable  to  have  roll  controls  deflect 
differentially  in  order  not  to  change  lift  coefficient  when  apply¬ 
ing  a  rolling  moment. 

The  structural  and  mechanical  problems  associated  with  mounting 
the  main  lifting  foil  on  bearings  have  been  considered  as  a 
general  design  problem.  Such  an  arrangement  would  be  difficult 
for  design,  construction  and  maintenance.  There  appear  to  be 
simpler  means  of  accomplishing  longitudinal  trim  and  stability 
so  this  type  of  control  has  not  been  used  in  any  detail  design. 

Its  hydrodynamic  advantages  are  spanwise  lift  distribution, 
which  does  not  change  with  deflection,  and  profile  drag,  which 
is  not  harmed  by  hinges  or  gaps.  Roll  control  with  an  all 
movable  main  foil  might  be  accomplished  by  twisting  the  foil  or 
by  splitting  it  in  the  center  and  having  the  two  halves  deflect 
separately. 

Stabilizing  foils  can  be  mounted  on  bearings  and  rotated  rather 
3imply  because  the  static  loads  on  them  are  usually  a  small  frac¬ 
tion  of  the  weight  of  the  craft.  Such  foils  can  be  designed  with 
a  small  enough  aspect  ratio  to  be  mounted  on  a  single  strut.  This 
makes  the  bearing  problem  somewhat  simpler  by  removing  the  ten¬ 
dency  for  bearings  to  bind  which  can  occur  with  multiple  strut 
configurations.  The  control  effectiveness  of  all  movable  stabili¬ 
zing  foils  i3  excellent.  The  all  movable  stabilizing  foil  has 
the  advantage  of  removing  the  hinge,  control  surface  gap,  and 
actuation  problems  from  the  design  of  a  surface  which  should  be 
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kept  as  thin  as  possible  to  reduce  the  drag, 
bo  Hinged  Control  Surfaces 

The  type  of  control  surfaces  which  are  used  almost  exclu¬ 
sively  on  aircraft  can  be  adapted  theoretically  to  hydrofoil  craft 
design  quite  easily.  The  practical  problems  of  hinges,  control 
actuation,  high  hinge  moments  and  gap  seal  appear  to  be  somewhat 
exacting  design  considerations.  Hinged  control  flaps  offer  the 
advantage  of  permitting  the  main  structure  of  the  foil  to  be 
rigidly  attached  to  the  hull  and  still  be  effective  in  applying 
control  forces  and  moments.  For  small  deflections,  these  sur¬ 
faces  do  not  have  a  marked  adverse  effect  on  the  drag  if  they  are 
properly  designed.  Such  design  is  complicated  for  hydrofoil  craft 
by  the  very  high  surface  loadings,  the  desirability  of  thin  foils, 
the  submersion  in  water  with  the  attendant  lubrication  problems, 
and  the  difficulties  in  sealing  the  gaps  between  the  main  surface 
and  the  movable  portion. 

Control  surfaces  on  the  main  lifting  foil  serve  the  purpose  of 
altering  lift  without  changing  the  craft  pitch  angle  and  of 
applying  a  rolling  moment.  These  surfaces  can  extend  along  the 
entire  span  or  can  be  located  over  some  portion  of  the  outbound 
part  of  the  foil.  Partial  span  flaps  alter  the  spanwise  lift 
distribution  which  is  detrimental  to  the  induced  drag  of  a  properly 
designed  foil.  Also  a  redistribution  of  load  can  be  difficult  from 
a  structural  design  standpoint.  Despite  the  difficulties  involved 
in  their  design,  hinged  flaps  can  be  placed  on  foils  whose  physical 
dimensions  are  large  enough  to  permit  location  of  the  necessary  ac¬ 
tuation  mechanism.  They  appear  to  offer  the  simplest  solution  to 
control  of  the  forces  and  moments  on  a  main  lifting  foil. 

Stabilizing  foils  can  be  made  similar  to  the  elevators  on  aircraft. 
Hydrodynamically  they  are  very  satisfactory,  although  they  usually 
have  a  somewhat  smaller  trim  range  than  the  all  movable  stabilizer. 
The  difficulty  encountered  in  their  design  is  that  the  physical 
dimensions  of  a  stabilizing  foil  designed  for  stability,  trim  and 
damping  of  the  craft  will  generally  be  small  except  on  very  large 
craft.  The  design  of  internal  hinge  and  actuation  mechanisms  is 
very  difficult  under  these  circumstances.  External  equipment  is 
detrimental  to  both  drag  and  control  effectiveness.  This  problem 
could  possibly  be  solved  very  satisfactorily  by  the  use  of  a  non¬ 
binding  piano  hinge  arrangement  and  torque  tube  actuation.  No 
attempt  has  been  made  to  design  such  equipment  under  the  present 
investigation.  Use  of  trim  tabs  is  a  next  logical  step  for  con¬ 
trol  surfaces  on  large  craft. 
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No  investigation  has  been  made  to  determine  the  size  craft  for 
which  hinged  stabilizing  foil  control  surfaces  begin  to  offer 
design  advantages. 

The  hydrodynamic  characteristics  of  hinged  control  surfaces  have 
been  studies  extensively  in  connection  with  aircraft  design* 
Refs.  (9  and  10  )  contain  excellent  summaries  of  design  informal 
tion  covering  a  wide  variety  of  control  surfaces o 


D.  CONTROL  SYSTEMS  FOR  CRAFT  <VITH  MOVABLE  SURFACES 


It  has  been  demonstrated  that  hydrofoil  craft  with  all  foils 
submerged  must  have  control  surfaces  which  trim  and  correct 
orientation  errors.  In  the  following  section  the  possibilities 
for  actuating  ths  surfaces  and  for  control  of  the  actuators  are 
explored. 

1.  ORIENTATION  SENSING  ELEMENTS 

In  order  for  a  hydrofoil  craft  to  remain  at  a  fixed  height 
above  the  water  and  in  an  upright  position,  there  must  be  some 
means  of  correcting  its  attitude  when  it  differs  from  the  de¬ 
sired  orientation.  For  a  fixed  foil  craft  this  is  done  by 
having  forces  or  moments  act  on  the  foils  due  to  the  error  in 
attitude.  For  the  type  of  craft  under  consideration  here,  3ome 
device  must  be  made  to  sense  the  error  and  transmit  it  to  the 
control  surfaces.  This  function  can  be  accomplished  in  a 
variety  of  ways,  depending  on  the  nature  of  the  desired  signal . 

a,  Water  Surface  Sensing 

The  most  obvious  means  of  stabilizing  a  hydrofoil  craft 
i3  to  have  the  control  surfaces  move  in  response  to  errors  in 
its  attitude  with  respect  to  the  water  surface.  This  is  the 
function  which  is  performed  by  surface  foils  and  by  a  ship's 
hull.  The  most  useful  information  about  attitude  v/ith  respect 
to  the  surface  is  height  above  the  water  and  roll  angle  with 
respect  to  it.  Another  attitude  which  might  be  important  for 
some  craft  is  pitch  angle  with  respect  to  the  surface.  The 
first  tvro  items  of  information  can  be  obtained  by  determining 
the  location  of  the  water  surface  at  two  points  located  sym¬ 
metrically  on  opposite  sides  of  the  craft.  The  average  of 
these  readings  gives  the  height}  and  their  difference,  the  roll 
angle.  A  third  point  located  in  the  plane  of  symmetry,  but  not 
in  line  with  the  other  two,  would  give  pitch  angle  and  deter¬ 
mine  the  plane  of  the  water.  This  is  the  maximum  amount  of 
practical  information  about  orientation  obtainable  by  this 
method.  The  information  can  then  be  used  to  dictate  how  far 
to  deflect  the  surfaces  in  order  to  correct  orientation  errors. 
There  are  a  variety  of  ways  by  which  attitude  with  respect  to 
the  water  surface  can  be  obtained. 
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(1)  Hydrodynamic  Pressure. 

The  ratio  of  dynamic  pressure  in  air  and  in  water 
at  the  same  velocity  is  the  ratio  of  their  densities.  It  is 
possible  to  detect  the  surface  of  the  water  with  a  moving  ob¬ 
ject  by  detecting  the  total  head  pressure  and  determining  whe¬ 
ther  it  corresponds  to  air  or  water. 

A  vertical  row  of  pressure  orifices  can  be  made  to  control  the 
static  pressure  in  a  chamber  so  that  there  is  a  unique  rela¬ 
tionship  between  height  of  the  orifice  array  and  the  pressure 
in  the  chamber  at  a  given  speed.  The  pressure  in  tho  chamber 
can  then  be  used  to  control  the  flap  deflection  or  actually 
used  to  operate  the  actuator.  There  are  several  difficulties 
with  this  system.  No  design  is  immediately  apparent  which  will 
have  fast  enough  response  to  meet  hydrofoil  craft  requirements 
and  yet  be  compact  enough  for  installation  in  the  supporting 
struts.  The  hydrostatic  pressure  varies  with  speed  so  a  pres¬ 
sure  sensing  device  will  not  operate  in  the  desired  manner0 
The  pressures  available  are  too  low  to  operate  controls  for 
any  but  the  smallest  craft. 

A  more  promising  system  makes  use  of  a  vertical  row  of  pressure 
sensing  buttons  which  tej.l  simply  whether  they  are  in  water  or 
air.  Such  a  step  system  will  act  almost  like  a  linear  system 
if  the  buttons  are  close  enough  together.  The  signal  from  such 
buttons  would  be  electrical  or  mechanical. 

(2)  Hydrostatic  Pressure. 

Theoretically,  a  very  good  way  to  detect  depth  is 
to  measure  hydrostatic  pressure.  Practically,  this  is  very 
difficult  because  it  is  hard  to  find  a  place  on  a  moving  body 
where  the  pressure  is  hydrostatic  and  will  remain  that  way  for 
all  angles  of  attack  and  yaw.  The  hydrodynamic  pressure  is 
usually  so  much  higher  than  the  expected  hydrostatic  errors 
that  very  small  pressure  coefficients  can  give  large  false 
hydrostatic  pressure  signals. 

(3)  Float  or  Skating  Foil. 

One  successful  hydrofoil  craft  based  on  the  movable 
surface  principle  uses  a  small  skating  foil  to  detect  the  loca¬ 
tion  of  the  water  surface.  Ref.  (  11  )  presents  the  principles 
of  the  design  of  this  craft,  called  the  Hook  Hydrofin,  in  some 
detail. 
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The  use  of  a  positive  mecnanioal  follower  to  detect  the  loca¬ 
tion  of  the  water  surface  is  very  attractive  because  of  sim¬ 
plicity  and  reliability.  Such  a  follower  can  be  used  to 
operate  the  control  surfaces  if  hinge  moments  are  not  too 
large.  Other  possible  applications  include  operation  of  a 
potentiometer  or  selsyn  transmitter  or  a  hydraulic  valve  by 
the  action  of  a  surface  follower. 

Whether  or  not  mechanical  ruggedness  is  a  real  design  problem 
for  floats  or  skating  foils  can  only  be  determined  by  their 
actual  U3e  in  rough  water. 

(U)  Electrical  Systems. 

There  are  several  types  of  electrical  fluid 
sensing  devices  which  can  be  used  to  detect  the  location  of 
a  water  surface.  Commercial  capacity-type  fuel  gauges  might 
bo  applicable,  although  the  conductivity  of  water  would  pro¬ 
bably  make  their  use  difficult.  However,  a  high  frequency 
capacity  device  could  probably  be  made  to  operate  satisfac¬ 
torily,  Making  use  of  the  electrical  conductivity  of  water 
results  in  a  much  simpler  typ3  of  device.  The  difference  in 
electrical  conductivity  between  sea  water  and  fresh  water  is 
not  sufficient  to  require  different  equipment  in  this  type  of 
arrangement.  The  water  can  be  made  to  dose  a  series  of  direct 
or  alternating  current  circuits*  each  of  which  corresponds  to 
a  particular  water  level. 

b.  Motion  Sensing 

Certain  types  of  response  or  damping  qualities  can  be 
artificially  imparted  to  a  hydrofoil  craft  by  having  the  con¬ 
trol  surfaces  respond  to  motions  of  the  craft  without  reference 
to  the  water  surface.  This  means  might  be  required  under  cer¬ 
tain  circumstances  to  inhibit  porpoising  or  other  undesirable 
dynamic  behavior  of  a  craft  which  has  proper  height  sensitivity. 

(1)  Accelerometer. 

Vertical,  fore  and  aft  or  aide  accelerations  can 
be  detected  by  accelerometers  and  the  signals  translated  into 
control  surface  deflections.  The  signal  can  also  be  integrated 
electronically  to  give  velocity  or  displacement  signals  if  they 
are  desired.  Angular  accelerometers  can  also  be  used  to  detect 
pitching,  rolling  or  yawing  accelerations,  and  their  signals 
can  likewise  be  integrated.  The  riding  qualities  of  a  hydrofoil 


CONFIDENTIAL 


craft  might  be  improved  by  use  of  a  vertical  accelerometer 
if  the  amount  of  improvement  warranted  the  added  complication. 

(2)  Gyroscope. 

Angular  orientation  and  rate  of  angular  deflec¬ 
tion  can  be  used  as  a  signal  for  control  surface  deflection. 
Gyroscopes,  to  accomplish  this  end,  have  been  developed  for 
aircraft  autopilots. 

(3)  Flow  Direction  Vane. 

Angle  of  attack  and  angle  of  sideslip  can  be  de¬ 
tected,  measured  and  translated  into  control  surface  deflection 
by  the  use  of  flow  direction  vanes.  Such  vanes  can  be  of  the 
weather-vane  type  with  a  selsyn  follower  or  a  nulling  follow-up 
type  which  has  controlled  damping  properties, 

(1*)  Strain  Gauge. 

The  output  from  strategically  located  strain  gauges 
can  be  used  as  a  signal  for  control  surface  deflection.  Such  a 
use  would  probably  be  principally  as  a  structural  safety  feature 
to  relieve  loads  before  they  cause  failure. 

Co  Command  Signals 

One  of  the  simplest  ways  to  govern  the  movement  of  con¬ 
trol  surfaces  is  in  response  to  command  signals  from  the  craft 
operator.  A  craft  incorporating  only  command  control  would 
have  to  be  flown  continuously  whenever  it  was  up  on  the  foils. 

In  theory,  such  an  arrangement  might  work  in  calm  water.  The 
section  on  wave  response  indicates  that  the  frequency  of  en¬ 
countering  waves  is  too  high  for  a  human  pilot  to  follow,  even 
at  relatively  low  speeds.  No  further  consideration  has  been 
given  to  designs  based  on  thi3  means  of  obtaining  height  or 
roll  stabilization. 

Command  signals  are  necessary  for  steering  the  craft.  For  this 
application  it  is  essential  that  the  means  of  steering  be  so 
arranged  that  it  is  not  possible  to  turn  so  tightly  that  some 
essential  portion  of  the  lifting  system  leaves  the  water. 

The  roll  and  height  control  systems  can  be  provided  with  manual 
overrides  for  take-off  purposes  or  for  emergency  landings  in 


the  event  of  a  stabilization  system  failure,  Further  investi¬ 
gation  and  experience  in  operation  may  reveal  other  circum¬ 
stances  under  which  a  manual  override  or  even  a  full  command 
signal  control  system  might  be  desirable. 

2.  CONTROL  SURFACE  ACTUATORS 

On  a  craft  with  movable  surfaces ,  some  means  must  be  pro¬ 
vided  to  supply  the  moments  to  move  the  surfaces.  Surface  actu¬ 
ators  can  be  divided  roughly  into  two  classes.  The  first  class 
provides  a  given  amount  of  moment  and  the  surface  moves  until 
the  hinge  moment  from  the  water  just  balances  the  applied  moment. 
In  order  to  use  such  a  system  it  is  necessary  to  know  both  how 
effective  the  surface  is  and  how  much  hinge  moment  it  needs.  The 
second  class  deflects  the  surface  a  given  amount  and  holds  it 
there  unless  the  resisting  hinge  moment  is  greater  than  the  maxi¬ 
mum  available  control  moment.  This  system  does  not  require  de¬ 
tailed  information  about  hinge  moment  characteristics  of  the 
surfaces. 

In  general,  the  second  class  of  control  actuator  is  superior 
because  of  its  freedom  from  the  very  uncertain  hinge  moment 
characteristics  of  hinged  control  surfaces. 

A  consideration  which  is  easily  overlooked  in  the  selection 
of  control  actuators  is  the  control  power  required.  The  speed 
with  which  a  surface  must  be  actuated  should  be  considered  to¬ 
gether  with  the  moment  required.  Sometimes  a  low  force  actu¬ 
ator  and  a  high  mechanical  advantage  look,  promising  until  the 
actuator  travel  and  power  are  found  to  be  prohibitive. 

a.  Mechanical 


Control  surfaces  can  be  operated  by  purely  mechanical 
means  for  some  applications.  Manual  systems  are  usually  ar¬ 
ranged  to  transmit  control  loads  from  a  wheel  or  stick  directly 
to  the  surface  by  means  of  cables,  push  rods  or  torque  tubes. 
Controls  for  steering  are  an  excellent  application  cf  such  a 
system  if  the  loads  are  not  too  high. 

Buoyancy  or  hydrodynamics  force  on  a  float  or  small  planing 
foil  is  also  a  possibility  for  the  operation  of  a  mechanical 
system.  The  siae  of  the  float  or  foil  tends  to  become  large 
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in  order  to  provide  sufficient  control  power  for  any  but  small 
hydrofoil  craft.  This  type  of  control  system  must  be  so  ar¬ 
ranged  that  the  moments  from  the  surface  are  not  large  enough 
to  force  the  foil  or  float  away  from  the  water  surface.  A 
system  such  as  is  described  here  might  be  quite  satisfactory 
for  small  pleasure  craft. 


Ram  pressure  available  from  water  which  is  trapped  in 
a  total  head  tube  on  a  hydrofoil  craft  can  be  used  to  operate 
controls.  This  pressure,  of  course,  varies  with  speed  so  the 


control  system  would  probably  be  of  the  force  type  instead  of 
the  displacement  type.  Ram  pressure  is  about  17 °L  lb./in.^ 
at  50  ft./3ec.  C3U-1  m.p.ho  or  29.6  knots).  The  force  avail¬ 


able  from  a  system  operating  at  this  pressure  limits  the  type 
of  control  system  very  severely.  Requirements  of  control  power 
might  make  the  flow  required  at  such  pressures  prohibitive* 


Hydraulic 


The  familiar  hydraulic  actuation  system  can  be  used  to 
move  control  surfaces.  Hydraulic  motors  are  not  ordinarily  re¬ 
commended  for  this  purpose.  Hydraulic  cylinders  are  usually 
most  satisfactory  for  this  type  of  application,  'there  i3  no 
question  about  being  able  to  obtain  sufficient  control  force 
or  power  from  a  hydraulic  cylinder  system.  However,  careful 
design  is  required  in  order  to  achieve  satisfactory  frequency 
response  characteristics.  For  a  properly  designed  hydraulic 
system,  the  frequency  response  is  far  better  than  is  required 
for  any  contemplated  hydrofoil  craft  application. 


The  hydraulic  pump  can  be  driven  by  an  engine  or,  even  better, 
by  an  electric  motor  for  that  purpose.  Hydraulic  system  com¬ 
ponents  are  simple,  inexpensive,  light,  small  and  reliable. 


d.  Electrical 


Several  types  of  irreversible  electric  actuators  are 
available  for  o^je ration  of  control  surfaces .  An  electric  motor 
with  a  gear  train  or  worm  drive  is  quite  satisfactory  if  con¬ 
trol  speeds  are  not  high.  As  control  loads  increase,  it  is 
increasingly  difficult  to  find  electrical  actuators  which  have 
enough  power  and  can  still  meet  frequency  response  requirements. 
The  best  high-power,  high-frequency-rasp onse  electrical  actuator 
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is  the  amplidyne .  However,  ab  about  2  horsepower,  the  fre¬ 
quency  response  of  amplidynes  is  just  marginal  for  hydrofoil 
craft o  It  is  quite  probable  that  stable  amplidyne  actuators 
could  be  designed  in  larger  sizes  and  with  the  required  fre¬ 
quency  response o 

e  o  Pneumatic 


Very  little  information  is  available  on  the  use  of 
pneumatic  actuators  for  high  load  and  high  frequency  response 
applications.  It  is  known,  however,  that  the  principal  reason 
for  1311x0*6  of  hydraxilic  systems  to  meet  frequency  response 
requirements  is  due  to  the  cushioning  effect  of  air  dissolved 
in  the  hydraxilic  fluid.  This  difficulty  is  overcome  by  opera¬ 
ting  a  hydraulic  system  at  high  pressure,  which  compresses  the 
air  and  increases  the  fluid  rigidity.  A  high  pressure  pneu¬ 
matic  system  might  be  a  possibility  for  a  hydrofoil  craft 
control  actuator. 
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E.  STATIC  STABIL1TX  AND  TRIM 


There  are  several  necessary  conditions  vrhich  must  be  satisfied 
'jn  order  that  a  dynamically  supported  vehicle  operate  satis¬ 
factorily.  These  conditions  specify  that  in  undisturbed 
operations,  the  summations  of  forces  in  any  direction,  or 
moments  about  any  axis,  be  aero.  Furthermore,  there  must  be 
an  initial  tendency  for  the  craft  to  return  to  equilibrium  if 
it  is  disturbed.  These  are  necessary  conditions  for  stability 
but  they  are  not  sufficient  conditions  to  guarantee  stable  op¬ 
eration.  Stability  and  trim  both  apply  to  two  separate  types 
of  equilibrium.  The  longitudinal  case  involves  lift,  drag, 
thrust  arid  pitching  moment.  The  lateral  case  involves  rolling 
and  yawing  moments.  Trim  conditions  are  investigated  to  deter¬ 
mine  the  balance  of  the  craft,  static  stability  i3  investigated 
because  a  craft  cannot  be  dynamically  stable  without  it,  How¬ 
ever,  a  properly  trimmed  and  statically  stable  craft  can  still 
be  dynamically  unstable  under  certain  circumstances.  Such  con¬ 
ditions  can  be  investigated  by  the  dynamic  stability  equations.. 

1.  LONGITUDINAL  STATIC  CONDITIONS 

Three  equations  govern  the  longitudinal  trim  conditions o 
Kiret,  lift  equals  weight.  Second,  thrust  equals  drag.  Third, 
the  pitching  moment  about  the  center  of  gravity  is  zero.  Static 
stability  means  that  a  bow  up  angle  of  pitch  disi  .  bance  causes 
a  bear  down  pitching  moment. 

In  order  to  remove  craft  weight  and  it3  speed  as  independent 
parameters,  forces  and  moments  are  expressed  as  dimensionless 
coefficients.  It  should  be  remembered  that  coefficients  repre¬ 
senting  forces  on  individual  foils  are  given  identifying  sub¬ 
scripts  and  they  are  based  on  the  area  of  the  surface  to  which 
they  apply. 

a.  Longitudinal  Trim  Equations 

*’or  most  applications  the  three  trim  equations  are  too 
to  solve  analytically,  and  it  is  much  simpler  to 
aolva  them  graphically.  These  equations  represent  lift  coeffi- 
drag  coefficient  and  pitching  moment  coefficient  as  lune¬ 
tte—  of  two  independent  variables.  It  is  desired  to  find  the 
aalftoa  of  the  variables  for  various  lift  coefficients  and  zero 
pitching  moment  coefficient.  In  this  way,  it  is  possible  to 
ttna  the  balanced  attitude  of  the  craft  for  a  given  gross  weight 
«Qd  fpeed. 
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(1)  All  Foils  Fixed 

The  variables  governing  trim  for  a  fixed  foil  craft 
are  height  of  the  center  of  gravity  above  the  water,  h  ,  and 
pitch  angle,  O  .  In  order  to  calculate  trim  conditions,  it 
is  necessary  to  know  for  each  foil  its  lift  and  drag  character¬ 
istics  as  functions  of  angle  of  attack  and  depth  of  submersion. 
The  following  sketch  shows  the  forces  on  a  fixed  foil  craft. 


For  this  type  of  craft,  the  overall  lift  and  drag  coefficients 
are  functions  of  &  and  h  •  Squally  spaced  increments  of 
Q  and  h  are  chosen  as  independent  variables  and  values  of 
the  dependent  variables  confuted.  The  lift  and  pitching  moment 
coefficient  for  the  entire  craft  are  computed  as  follows: 

Cfm  r  CLt  ,  CDtn  i  C0t  j  S/r?  ✓  Jt  t  dm  f  dt 

are  determined  for  a  series  of  values  of  and  h  . 


Cl  =  Cim  +  itrCLi  *  (Corn  +  $fcCDt)tan  (o*'r) 
Cm*  Cim  p-Comf*  (Ut  f-  +  CDtf-) 


♦fcgg  +  Ccx£,)dp 
cosW+v)  * 
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Note  that  it  is  best  to  choose  reference  areas  which  do  not 
change  with  submersion  because  of  the  complication  imposed 
by  keeping  track  of  the  amount  of  area  submerged  for  each 
angle  of  attack  and  height.  Also,  the  total  lift  coeffi¬ 
cient  has  meaning  for  performance  if  it  is  based  on  some 
geometric  area  instead  of  a  wetted  area.  Curves  of  Cm 
versus  Cl.  are  shaped  somewhat  as  3hown  below  for  this 
type  of  configuration: 


CL 


The  values  of  h  and  6  along  the  line  Cm  a  0  corres¬ 
pond  to  the  trim  condition  for  each  Cl  value „ 

(2)  Foils  with  Movable  Controls. 

The  trim  equations  for  hydrofoil  craft  with  all 
foils  submerged  and  movable  controls  use  angle  of  pitch,  9  , 

and  surface  deflection,  cf  j  as  independent  variables.  In 
the  following  analysis  it  is  assumed  that  the  aft  foil  is  de¬ 
flected  an  angle  tft  and  the  angle  of  pitch,  &  ,  is  re¬ 

ferred  to  the  front  foil.  Notice  that  the  height  of  the  center 
of  gravity  above  the  water  does  not  enter  into  the  calculations. 
The  following  sketch  illustrates  the  notation: 
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lift  and  drag  of  the  foils  are  assumed  to  act  at  their  quarter 
chords  so  the  dimensions  /m  >  St  >  dm  3  dt  depend  on 
angle  of  pitch  only.  If  we  identify  the  values  of  these  dimen¬ 
sions  for  *  O  by  /m0  >  f to  »  dm  a  >  dt0  »  then  for 
any  other  angle  of  attack: 

im  -  /mo  CoS  #  r  dmo  S/V  0 

jft  *  /to  Cos  e  -  dto  sin  e 

dm  *  dnto  Cos  6  —  /tv o  SIVO 

dt  =  dto  coso  +  /to  Sine 

Using  lift  curve  slopes,  drag  characteristics  and  downwash  flow 
angles  from  the  performance  analysis  permits  calculation  of  the 
trim  equations: 

Cljv  2  CLcom  & 

COm  =  CDom  +  Cl%, 

aisL  rn 

Cut  *  1 

Cot  =  coot  +  cl\  +  ej£  at 

Cl  -  Cim  +  Citfe)  +(COm  +@*;)Cot)ton(B*l) 
Cm  .=  CLm-tf-  -  Com  ty  -(fcfatjf-  +  Co  tty 

flOOti  " 

+  gp.m  .±.  C&$£)] 

*L  cose -hr  J  * 


Curves  of  Cwi  and  0  VoS.  £4  for  different  values 
of  St  permit  determination  of  trim  conditions.  These 
curves  look  sometfiat  as  follows: 


Trim  conditions  correspond  to  points  along  the  vertical 
line  Ctv)  »  0.  The  values  of  Q  and  corres¬ 
ponding  to  a  desired  give  the  craft  attitude  for 

trim* 

b.  Longitudinal  Static  Stability 

The  static  stability  requirements  of  a  hydrofoil  craft 
•re  somewhat  the  same  as  for  a  displacement  hull.  When  the  craft 
is  disturbed  by  a  small  pitch  angle  it  must  develop  a  restoring 
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pitching  moment.  For  a  displacement  hull  this  moment  is 
measured  by  the  longitudinal  metaeentric  height,  it  is 
found  by  dividing  the  restoring  moment  by  the  hull  displace¬ 
ment  and  the  pitch  angle.  For  hydrofoil  craft,  the  measure 
of  static  stability  is  the  stability  derivative,  C{v)s  » 

It  repreaants  tha  restoring  pitching  moment  coefficient  di¬ 
vided  by  the  pitch  angle,,  These  quantities  are  related  byt 


Longitudinal  Metaeentric  Height  & 


It  should  be  noted  that  the  equivalent  longitudinal  raetacen- 
tric  height  for  a  hydrofoil  craft  is  a  function  of  the  speed 
at  a  given  gross  weight*  This  is  not  the  case  for  a  displace¬ 
ment  hull. 


Static  stability  is  calculated  in  much  the  same  v/ay  as  trim. 

If  tha  drag  and  thrust  act  through  the  center  of  gravity,  the 
equations  are  identical.  This  is  clearly  not  the  case  for  a 
hydrofoil  craft,  There  is  a  fine  distinction  between  the  two 
equations  due  to  differences  in  the  phenomena  they  represent* 

Tha  envelope  of  trim  moments  assumes  that  at  each  point  the 
craft  is  operating  at  a  constant  volocity  with  the  lift  just 
equal  to  the  .'sight  and  the  thrust  equal  to  the  drag.  Tha 
assumption  of  static  stability  calculations  is  that  the  craft 
is  operating  in  trimmed  equilibrium  and  it  is  given  a  distur¬ 
bance  angle  of  pitch.  The  speed  of  the  craft  is  assumed  to 
remain  constant,  so  a  pitch  angle  increase  causes  a  change  in 
lift  ail  drag.  However,  the  propulsive  thrust  does  not  change 
so  there  ore  no  longer  balances  between  pift  and  weight  or 
thrust  and  drag* 

A  static  stability  valuo  corresponds  to  a  specific  center  of 
gravity  location  ancl  s  specific  operating  condition.  It  is 
necessary  to  establish  tho  trim  condition  before  determining 
static  stability, 

(1)  ill  foils  Fixed. 

To  c'ic’-data  a  ciuv;  jj>om  >Mch  static  stability 
cai't  be-  datorminod  for  a  fixed  hydrofoil  craft,  it  is  necessary 
to  find  tho  lift,  drag,  height  and  angle  of  pitch  of  the  trim 
condition  for  which  static  stability  is  desired.  It  is  then 
assumad  that  the  height  and  thrust  remain  fixed  and  the  lift, 
drag  and  pitching  nmont  coefficients  are  computed  aa  functions 
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of  angle  of  pitch.  Let  the  subscript  (  )$  identify  quan¬ 

tities  corresponding  to  the  trim  condition.  Notice  ^hat  & 
is  the  only  variable  in  the  follov/ing  expressions* 

Ctm  ,  Cit  ,  CDm  ,  CDt  ,/m  ,/t  ,etm i  dt 

are  determined  for  h  -  and  a  series  of  values  of  &  « 


Cm  =  - -$£ {CLt-f-  +  COt^-) 

COS(0+r)  / 


This  equation  is  be3t  plotted  as  Cm  VS.  &  5  it 

looks  somewhat  as  follows: 


The  amount  of  static  stability  is  determined  by  the  value  and 
3ign  of  the  slope  of  this  curve,, 


dCm  ft 

dO  Cm  so 


Statically  Stable 


L  _  Z  ft  Statically  Neutral 
I  Cm 


■dCm  Q  statically  Unstable 

d&  Cm  so  ^  9 
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(2)  Foils  with  Movable  Controls* 

The  static  stability  of  a  craft  with  all  foils  sub¬ 
merged  i3  best  expressed  as  dCm/4Ct,  instead  of  dCm/d9 
because  the  numerical  value  of  the  former  has  the  significance 
of  a  stability  margin  expressed  as  a  decimal  of  the  foil  separa¬ 
tion  distance.  The  trim  attitude  must  be  established  correspond¬ 
ing  to  the  condition  for  which  the  static  stability  is  desired* 
The  trim  angle  of  pitch  is  6.<t  and  the  trim  aft  foil  deflection 
is  rfc-x  »  It  is  now  necessary  to  compute  Ct,  and  Cw?  for 

eft  -  and  a  series  of  values  for  Q  . 


CLm  -  CLeem  © 

C Dm  =  CD om  —  Cim 

cl*  = 

Cot  3  CDot  +  ctef*  +6  CLt 

Cl  «  CLm  +  +(C0ms  Cots)ton(6+r) 

'  CDn^  +Co‘  ^ 
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A  plot  of  Cm  vs.  Cl  now  looks  somewhat  as  follows: 


The  slope  of  this  curve  at 
margin* 


-dCfP 


<  o 


Cm  a  0  is  the  static  stability 


Statically  Stable 


dCm 

dCL 

dCm 

dCL 


—  0 
l >  0 


Statically  Neutral 


Statically  Unstable 


2.  LATERAL  STATIC  CONDITIONS 


a.  Lateral  Trim 


If  the  center  of  gravity  of  a  craft  moves  out  of  the 
geometric  plane  of  symmetry,  ah  unbalanced  rolling  moment  is 
caused  by  the  lift  which  continues  to  act  in  the  plane  of  sym¬ 
metry  .  Some  means  must  be  devised  to  counteract  the  unbalance 
or  the  craft  will  continue  to  roll  over. 

A  fixed  foil  craft  which  is  asymmetrically  loaded  and  which  has 
static  roll  stability  assumes  an  angle  of  roll  which  has  the 
proper  rolling  restoring  moment  to  counteract  the  asymmetry. 

If  this  angle  of  roll  produces  a  yawing  moment,  it  in  turn  must 
be  balanced  by  the  rudder,  ‘*‘hus  it  is  possible  to  hold  a  straight 
course  by  rudder  action  under  an  asymmetric  load. 

For  a  craft  stabilized  by  moving  surfaces,  an  asymmetric  deflec¬ 
tion  of  the  surfaces  is  required  to  counteract  an  asymmetric 
load.  The  craft  may  trim  upright  or  it  may  assume  a  roll  angle 
in  developing  the  balancing  rolling  moment,  depending  on  the 
type  of  stabilization  system. 
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b.  Lateral  Static  Stability,  Netacentric  Height 

A  displacement  hull  develops  a  righting  rolling  moment 
when  it  rolls.  If  this  rolling  moment  is  divided  by  the  hull 
displacement  and  the  angle  producing  the  roll,  a  length  is  ob¬ 
tained  which  is  called  the  metacentric  height.  It  is  a  measure 
of  the  craft’s  rolling  static  stability.  In  much  the  same  way 
a  hydrofoil  craft  with  fixed  foils  must  have  roll  static  stability. 
The  magnitude  of  the  rolling  static  stability  can  be  expressed 
as  metacentric  height  or  as  a  stability  derivative.  The  rela¬ 
tionship  between  them  is: 


Metacentric  Height  s  -  C/mb 

~?L 

The  derivative  is  the  rolling  moment  coefficient  due  to 

a  roll  angla,  <p  ,  divided  by  f  .  Some  data  on  the  rolling 
characteristics  of  fixed  foil  arrangements  are  available.  Ref. 
(12  )  gives  some  information  on  one  type  of  modified  "V" 

slanting  foil. 

A  craft  with  all  foils  under  water  and  movable  controls  for  re  11 
stability  must  be  designed  so  that  the  controls  deflect  asym¬ 
metrically  when  the  craft  rolls.  The  amount  of  the  control  de¬ 
flection  per  unit  angle  of  roll  and  the  rolling  effectiveness 
can  be  combined  to  give  an  effective  metacentric  height.  How¬ 
ever,  it  is  more  useful  for  dynamic  stability  purposes  to  express 
this  roll  stability  in  terras  of  a  stability  derivative. 

Another  lateral  static  stability  requirement  is  directional 
stability.  If  a  craft  assumes  a  yaw  angle  without  changing 
direction  so  that  it  sideslips,  it  must  develop  a  yawing  moment 
which  tends  to  straighten  it  out.  Once  again  this  may  be  ac¬ 
complished  by  proper  location  and  size  of  vertical  struts  or 
other  surfaces,  or  it  may  be  achieved  by  moving  a  rudder  in 
response  to  a  sideslip  vane  signal.  In  this  particular  respect, 
there  is  a  considerable  difference  between  the  properties  of 
slanting,  planing  and  "ladder"  foils.  One  type  may  show  dis¬ 
tinct  advantages  for  directional  stability  in  certain  applica¬ 
tions  where  otherwise  all  the  surface  foils  appear  to  have  equal 
merit. 


37. 
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F.  DYNAMIC  STABILITY  OF  HYDROFOIL  CRAFT 
1.  THEORY  OF  SMALL  DISTURBANCES. 

Dynamically  supported  vehicles  are  completely  free  from 
fixed  restraints  so  they  have  six  degrees  of  freedom  for  dis¬ 
turbance  motions.  There  is  a  well-developed  theory  and  a  large 
amount  of  experience  concerning  the  motions  which  such  vehicles 
may  develop.  In  brief*  the  theory  is  based  on  equations  which 
relate  the  three  linear  accelerations  and  three  angular  accele¬ 
rations  to  the  forces  and  moments  which  produce  them.  A  com¬ 
plete  expression  involving  all  possible  means  by  which  these 
forces  and  moments  can  arise  would  be  extremely  complicated 
besides  being  non-linear.  In  order  to  produce  equations  which 
may  be  solved  by  reasonable  methods  and  in  a  reasonable  time, 
some  simplifying  assumptions  are  made  concerning  the  nature  of 
the  forces  and  moments.  It  is  assumed  that  all  disturbances 
are  small  so  that,  to  a  first  approximation,  forces  and  moments 
vary  linearly  with  the  disturbances  from  trimmed  equilibrium 
which  cause  them.  Furthermore  a  plane  of  symmetry  i3  assumed 
for  the  vehicle  and  this  suggests  the  assumption  that  motions 
which  leave  the  plane  of  symmetry  in  its  original  plane  do  not 
produce  moments  or  forces  which  tend  to  alter  the  plane  of  sym¬ 
metry.  Another  assumption  which  is  not  as  clearly  justifiable 
is  that  motions  which  are  purely  asymmetrical  do  not  produce 
moments  or  forces  which  leave  the  plane  of  symmetry  unchanged. 

When  all  these  assumptions  are  incorporated  into  the  six  equa¬ 
tions  of  motion,  they  separate  into  groups  of  three  which  are 
independent  of  each  other.  One  group  is  the  so  called  longi¬ 
tudinal  equations  which  relate  vertical  motions,  forward  motions, 
and  pitching  angular  motions  in  a  system  of  three  simultaneous 
linear  total  differential  equations.  The  other  group  is  the 
lateral  equations  relating  sideward  motions,  rolling  angular 
motions  and  yawing  angular  motions.  These  groups  of  equations 
can  be  solved  rather  easily  because  they  are  linear  and  the  use 
of  the  Laplace  Transform  facilitates  obtaining  complete  charac¬ 
teristics  and  transient  solutions  with  relatively  little  labor. 

A  question  naturally  arises  concerning  the  validity  of  these 
equations  because  of  the  rather  limiting  assumptions  which  have 
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been  made.  In  general  it  ba3  been  the  experience  in  the  air¬ 
craft  and  guided  missile  field,  where  these  equations  are  used 
extensively,  that  the  major  shortcoming  of  the  system  of  equa¬ 
tions  is  not  in  the  assumptions  made  but  in  a  lacK  of  knowledge 
about  the  characteristics  of  the  vehicles  whose  motions  they 
describe.  Actual  testing  of  a  properly  instrumented  hydrofoil 
craft  will  be  required  to  determine  the  regions  of  validity  of 
the  equations  which  are  used  in  this  report  for  the  dynamic 
stability  analysis 

2.  LONGITUDINAL  MOTIONS. 

a.  Axes,  Coordinates  and  Notations. 

In  order  to  derive  the  longitudinal  equations  of  motion, 
the  craft  is  assumed  to  be  operating  initially  in  steady  trimmed 
equilibrium  on  perfectly  smooth  water.  A  Cartesian  coordinate 
system  is  established  with  origin  at  the  center  of  gravity.  The 
X  axis  is  positive  forward  along  the  line  of  motion,  the  f 
axi3  is  positive  downward  in  the  plane  of  symmetry  normal  to  the 
X  axis.  This  coordinate  system  is  fixed  rigid  to  the  craft 
and  moves  with  it  when  it  is  disturbed.  The  forward  velocity 
of  the  undisturbed  craft  is  U  .  The  fundamental  disturbances 
of  the  craft  from  equilibrium  are:  a  change  in  forward  speed, 

U  ,  positive  for  increased  speed;  a  change  in  pitch  angle, 6  , 
positive  nose  up;  and  a  vertical  displacement  of  the  center  of 
gravity,  y,  ,  positive  downward.  The  time  derivatives  of  these 
quantities  are  measured  in  the  same  sense. 

It  should  be  noted  here  that  the  fundamental  disturbances  are 
not  the  3ame  as  those  used  for  aircraft  and  missile  dynamics. 

The  vertical  displacement  is  used  here  instead  of  angle  of  at¬ 
tack.  It  can  be  demonstrated  rigorously  that  within  the  as¬ 
sumption  of  small  disturbances,  the  equations  used  here  and  those 
customarily  used  for  aircraft  yield  the  same  final  solutions  al¬ 
though  they  differ  in  details.  Since  one  of  the  requirements  of 
a  hydrofoil  craft  is  to  be  stable  to  height  above  the  water,  the 
choice  of  disturbances  of  this  report  is  very  convenient  to  des¬ 
cribe  their  motions. 

Forces  and  moments  resulting  from  disturbances  are  always  resolved 
into  components  in  the  direction  of  the  defined  axes  fixed  in  the 
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craft.  X  denotes  a  force  along  the  %  axis,  g  a  force 
along  the  ?  axis,  and  M  a  moment  which  tends  to  give  a 
positive  pitching  angular  acceleration. 

Time  derivatives  of  motions  are  denoted  as  follows: 


dh 

di 


<&L 

dt* 


n 


=  e 


The  assumptions  of  small  disturbances  and  linear  dependence  of 
forces  and  moments  on  motions  means  that  the  quantities  X  > 

2  ,  and  M  can  be  expressed  as  a  series  of  characteristic 
constants  of  the  craft  multiplied  by  each  of  the  disturbance 
motions  as  follows: 


2 


+  %h-h 


-h 


M5L-  ft 

-a  r» 


+  af~® 


tf“* 


&LU 

<?u  w 


Similar  equations  can  be  written  for  X  and  M  c  Since  the 
condition  where  h  ,  0  j  U  and  their  derivatives  are  zero 

corresponds  to  equilibrium,  £0  M0  =  l‘c  =  o  .  o 

The  assumptions  of  this  theory  require  that  each  of  these  partis! 
derivatives  be  a  constant  for  a  given  craft  and  operating  condi¬ 
tions.  Thus  ^  means  change  in  lift  force  per  unit  change  in 
pitch  angle. 

In  using  the  equations  of  motion  about  to  be  developed,  it  is 
most  convenient  to  express  forces  and  moments  in  terms  of  coef¬ 
ficients  defined  by  dynamic  pressure  and  dimensions  of  the  craft. 
The  notation  used  is  as  follows  for  defining  force  and  moment 
coefficients:  *  “  "  ~  ““ 


C* 


>FT, 


gu's/ 

3. 
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The  partial  derivatives  used  in  the  series  expansion  of  forces 
or  moments  due  to  disturbance  can  be  made  dimensionless  by 
converting  the  forces  to  coefficients  and  the  motions  to  dimen¬ 
sionless  ratios.  The  following  illustrations  include  typical 
examples  of  ail  the  motions  involved  in  the  longitudinal  anal- 
sis.  These  quantities  are  called  stability  derivatives: 


d(h//) 

-  C  V 

<~.\h 

J&1L. 

d(Q) 

-  Cxe 

dC 

<fy/u) 

c  &  ^ 

«—  0 

-  Cm  a 

-Cue 

dC} 

<*(U/V) 

—  Csn 

It  should  be  emphasized  here  that  these  are  partial  derivatives 
and  other  motions  must  be  absent  during  differentiation.  A  com¬ 
plete  typical  definition  would  include  the  following  restrictions: 


C  a 


4 

9 


h  -  fi  *  /7  =&  s.U-0 


In  order  to  include  the  dynamic  characteristics  of  the  craft  in 
the  dimensionless  notation  of  the  equations  of  motion,  it  is 
necessary  to  include  the  radius  of  gyration  in  pitch  of  the  craft. 
When  the  equations  of  motion  are  derived  in  the  next  section,  the 
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significance  of  the  following  coefficients  will  be  explained^ 
The  following  terms  appear  directly  in  th9  longitudinal  equa¬ 
tions  of  motion;  they  are  called  stability  coefficients: 


*h  = 

V 

x*  = 

ikcth 

ic^ 

XX  • 

±CXh 

H* 

:  i  c*i; 

mh  = 

nth 

mx 

--i(£yicm£ 

Xe 

=  ~k  £2© 

X* 

--jCxi 

jL  /*»  « 

-  2 

Xe 

■HH 

u 

Zb 

-t  Cig 

-itfficme 

rr>i  =i(fy)lCn>i 
Mi  =  Mi/Cmi 

xa  =  J*ci<u, 

n<* 
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In  addition  to  the  stability  derivatives,  the  effect  of  de¬ 
flecting  control  surfaces  symmetrically  is  reduced  to  coeffi¬ 
cient  form  in  order  to  incorporate  these  effects  into  the 
equations  of  motion.  Once  again  it  is  assumed  that  the  forces 
and  moments  caused  by  deflecting  controls  are  proportional  to 
the  angle  of  deflection  which  causes  them.  This  assumption 
permits  definition  of  control  effectiveness  derivatives: 


3C  rr> 
d  cf 


Cm  cr 


d£ 


ac* 

c><f 


S 


The  symbol  of  stands  for  any  symmetrical  control  deflection 
angle  in  radians  and  is  usually  identified  by  a  subscript. 

In  a  manner  similar  to  the  stability  coefficients,  it  is  possi¬ 
ble  to  define  control  effectiveness  coefficients: 


2cf  -  )  Xf  =  iCx^  ;  m#  -  i(fy)  Cm$ 

b.  Equations  of  Motions 

Three  perfectly  general  expressions  to  describe  the 
longitudinal  motions  of  a  hydrofoil  craft  can  be  written  in 


terms  of  forces,  moments  and  accelerations: 

»/ 

rtf  X 

=  £2 

(fst) 

rf)'i 

=  2  a 

(lb) 

Iy$ 

=  r  M 

(lc) 
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The  assumptions  of  the  stability  analysis  are  imposed  when 
the  forms  of  £  X  >  and  IT .M  are  expressed  as 

linear  terras  of  a  series  in  motions  and  control  deflections: 

z*  +$£* 

+  ||cr  (*«) 

^  =  *+fhh  +&* 

+  ffSU  +66*  ^ 

EM  «  Mo  +&*  +&*  +  $'• 

*$#«*#H*3{SU+S2d‘  (Zc) 


The  term  —  M*£-'  in-  Equ.  2a  is  the  component  of  gravity  due  to 
the  pitch  angle  Q  because  the  l*  axis  is  fixed  in  the 
craft  and  the  gravity  vector  remains  vertical.  Since  the  motions 
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are  disturbances  from  equilibrium,  2o  s  &0  -  Mo  —  0 
Eq.  (2a,  2b,  2c)  are  substituted  into  Eq.  (la,  lb,  lc),  re¬ 
grouped  and  manipulated  to  put  the  equations  in  dimensionless 
f<-„in.  Acceleration  in  the  X  direction  can  be  related  to  a 
jhange  in  forward  spoed  and  that  in  the  gr  direction  to  a 
vertical  acceleration. 

U  =  X  ,  a  «*  ,  *  ,  2 

Eq.  (la,  lb,  lc)  now  become: 

(w-  xu  m 

-  -  xJWe 

-xi(W 

-  *«  (WWW*  -  -  h  « w# 

+\j-Zh(Wyf)  -  2«W)!W)s 

-  =  ^(^)2m)<r  (s *) 

-  #«WW  -  «>,  (W>x(*rW>  -  WfJ) 

-  -  ™»W(#  '  m»  W« 


+  [/  -  my  ©  =  dWTOlf  (Je) 


Certain  groups  oi'  physical  quantities  appear 
repeatedly  in  the  above  expressions  so  they 
are  given  symbols: 


Density  Ratio 


K 


Weight  Coefficient 


Time  Factor 


Experience  with  the  solutions  of  these  equations  for 
typical  hydrofoil  craft  has  shown  tnat  certain  of 
these  terms  have  a  completely  insignificant  effect 
on  the  final  solution.  These  terms  will  be  neglected 
at  this  point: 


X/V  =  Xq  —  Xq  ~o 


In  order  to  simplify  writing  these  equations  the  time 
derivatives  Jill  be  expressed  in  the  form  of  differ¬ 
ential  operators  which  simply  indicate  that  differenti¬ 
ation  with  respect  to  time  is  to  be  performed  on  the 
variable  upon  which  it  operated: 
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Substitution  of  M  >  V  and  0  into  Eq.  (3a,  3*>»  3c) 
yields  the  final  form  of  the  longitudinal  equations  of  motion: 


[- +  [dYi-*£)  - 

+  L  -  D-Zf-  -yU§f^6  -  4*  if  <S  (4ki 

+  [-  D1^  -  D4f  - 

-  44. =  ^<f  (4c) 


From  a  mathematical  point  of  view  the  equations  of  motion  are 
three  simultaneous  linear  total  differential  equations  with 
constant  coefficients.  They  may  be  solved  by  assuming  an  har¬ 
monic  solution  and  applying  initial  and  terminal  conditions. 

A  particularly  straightforward  method  of  solution  is  to  take 
the  Laplace  Transform  of  the  equations,  solve  for  some  desired 
variable  and  then  perform  the  inverse  Laplace  Transform  by 
mesons  of  a  partial  fraction  expansion  as  shown  in  Refo  (13). 
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From  a  purely  physical  point  of  view,  those  equations  repre¬ 
sent  relations  between  3mall  changes  in  pitch  angle,  forward 
speed  and  height.  If  all  the  motions  are  damped  quickly,  then 
the  craft  will  operate  satisfactorily.  However,  if  the  motions 
are  not  damped  well,  the  craft  will  porpoise  or,  under  the 
worst  conditions,  leave  the  water  or  settle  until  the  hull 
hits  the  water.  The  terms  on  the  right  hand  sides  of  the  equa¬ 
tions  represent  the  effect  of  deflecting  controls. 

For  a  hydrofoil  craft  with  ail  foils  fixed,  these  equations 
i*epresent  a  complete  description  of  the  longitudinal  motions 
of  the  craft  with  the  right  hand  sides  all  zero.  Kith  the 
values  of  stability  derivatives  and  A-i  and  'C  substituted, 
the  response  to  an  assumed  disturbance  such  as  encountering  a 
wave  can  be  computed.  For  a  craft  with  all  foils  submerged 
and  moveable  controls  to  provide  height  stability,  these  equa¬ 
tions  are  simply  a  means  of  determining  the  size,  speed  of 
operation  and  deflections  required  of  the  control  surfaces. 

c.  lability  Derivatives 

One  of  the  most  uncertain  phases  of  aerodynamics  or 
hydrodynamics  is  the  computation  of  stability  derivatives  for 
use  in  the  equations  of  motion.  This  uncertainty  is  due  in 
part  to  the  complexity  of  configurations  and  flow  patterns  and 
the  associated  difficulties  in  malting  theoretical  calculations 
which  have  real  meaning.  The  rest  of  the  uncertainty  results 
from  the  lack  of  a  satisfactory  means  of  determining  stability 
derivatives  from  flight  testing  of  the  finished  vehicle.  For 
a  hydrofoil  craft  there  is  the  added  difficulty  of  the  proxi¬ 
mity  of  the  water  surface  to  the  lifting  foils. 

The  exact  definition  of  a  stability  derivative  is  the  change 
in  a  force  or  moment  coefficient  caused  by  some  smull  distur¬ 
bance  motion  from  equilibrium  divided  by  some  dimensionless 
measure  of  the  motion  which  caused  it  in  the  limit  as  the 
motion  becomes  vanishingly  small  and  with  the  condition  im¬ 
posed  that  all  other  motions  be  absent.  Thus,  the  derivative 
to  be  computed  might  be  the  change  in  lift  due  to  an  increase 
in  pitch  angle.  The  pitching  motion  is  assumed  to  occur  with 
the  condition  imposed  that  the  height  of  the  center  of  gravity 
remains  fixed.  For  a  craft  with  all  foils  submerged,  this 


particular  derivative  is  just  the  lift  curve  slope.  For  a 
craft  with  skating  foils,  a  pitch  angle  causes  the  front  foil 
to  rise  out  of  the  water  and  the  aft  one  to  3ink  deeper  so 
that  the  calculation  of  the  pitching  stability  derivative  is 
quite  complicated.  The  rate  derivatives  such  as  those  involv¬ 
ing  vertical  velocity  or  rate  of  change  of  pitch  angle  are 
usually  computed  assuming  that  the  motions  cause  local  changes 
in  apparent  angle  of  attack  for  each  lifting  member.  Deriva¬ 
tives  which  result,  from  changes  in  angle  of  attack  or  from 
acceleration  must  include  the  effect  of  additional  apparent 
mass  of  the  foil  surfaces.  This  effect  can  be  computed  the¬ 
oretically  and  it  is  quite  import  ait  t  for  hydrofoil  craft 
because  of  the  high  density  of  water. 

Although  certain  of  the  stability  derivatives  used  in  this 
report  look  like  similar  ones  used  in  aircraft  or  missile 
dynamics,  there  are  basic  differences  in  their  definition. 

As  an  example,  Ctn£  ^ias  the  meaning  in  ibis  report: 


This  means  that  in  the  computation  of  the  derivative,  the 
craft  is  assumed  to  have  a  pitching  velocity  but  no  vertical 
velocity  of  the  center  of  gravity.  In  the  aircraft  and  mis¬ 
sile  system,  the  derivative  which  looks  the  same  superficially 
is  defined  as  follows: 


Note  that  in  this  case  the  angle  of  attack  is  assumed  to  be 
constant  so  the  center  of  gravity  must  have  a  vertical  velocity. 
Note  also  that  for  most  aircraft  and  missile  applications,  the 
wing  mean  aerodynamic  chord  is  used  as  the  reference  length 
instead  of  the  longitudinal  foil  separation  which  is  used  in 
this  report. 
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3*  LATERAL  MOTIONS 

a.  Axe3,  Coordinates  and  Notations* 

Derivation  of  the  lateral  equations  of  motion  involves 
the  same  sort  of  reasoning  used  in  the  longitudinal  case.  A 
Cartesian  coordinate  system  i3  set  up  in  the  craft  with  origin 
at  the  center  of  gravity.  The  k  axis  points  forward  in  the 
direction  of  motion ,  the  . ?  axis  downward  in  the  plane  of 
symmetry  and  the  y  axis  to  the  right,  normal  to  the  plane  of 
symmetry.  The  fundamental  disturbances  of  the  craft  from  the 
level  steady  condition  are:  a  sideslip  angle,  ,  positive 
for  nose  to  the  leftj  a  rate  of  yaw  about  the  ■3-  sods,  y  , 
positive  for  clockwise  rotation  when  viewed  from  abovej  a  roll 
angle  about  the  X  axis,  <f>  ,  positive  for  right  side  down. 
The  time  derivatives  of  these  quantities  are  measured  in  the 
same  sense. 

These  definitions  and  directions  are  chosen  to  form  a  complete 
right  hand  Cartesian  coordinate  system  in  force,  moment,  dis¬ 
turbance  velocity  and  disturbance  angle  sign  conventions.  The 
complete  definitions  of  angles  and  orientations  of  such  a  system 
are  extremely  complicated  and  they  are  explained  in  some  detail 
in  Ref.  (  ).  This  same  reference  points  out  that  the  equa¬ 

tions  presented  below  are  valid  only  for  small  angles  of  distur¬ 
bance  from  the  level  trimmed  condition.  These  equations  are  the 
3«une  as  those  used  for  aircraft  and  missile  lateral  dynamics* 

Force  in  the  direction  of  the  (j  axis  is  denoted  by  J  ,  a 
moment  about  the  X  axis  is  denoted  by  ;f  and  it  is  positive 
if  it  tends  to  depress  the  right  side  of  the  craft,  a  moment 
about  the  axis  is  denoted  by  and  it  is  positive  if  it 
tend3  to  turn  the  craft  to  the  right.  Dividing  forces  and  mo¬ 
ments  by  the  dynamic  pressure  and  the  proper  craft  dimensions 
yields  lateral  force  and  moment  coefficients: 


-  JIL... 

'fWi 


z 
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The  discussion  in  Sec.  II,  F,  2,  a,  concerning  time  derivatives 
of  motion  and  stability  derivatives  applies  also  to  the  notation 
used  for  lateral  stability  derivatives t 


The  lateral  stability  derivatives  have  the  same  general  nature 
as  the  longitudinal  stability  derivatives  in  that  they  are  con¬ 
stants  which  depend  on  craft  configuration  and  operating  condi¬ 
tions.  The  same  care  must  be  taken  in  their  definitions  as  was 
shown  to  be  necessary  in  the  longitudinal  use.  A  typical  com¬ 
plete  definition  of  a  lateral  stability  derivative  is  as  follows: 


The  mass  and  moment  of  inertia  properties  of  the  craft  are  in¬ 
corporated  into  the  equations  through  the  stability  coefficients o 
The  radius  of  gyration  about  the  if  axis  is  denoted  by  /Cx 
and  that  about  the  £•  axis  by  K  a  «  The  following  are  the 
lateral  stability  coefficients: 
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-iCyi 

Hr  =icVr  **  -ici/r 

nv  -  zixiT  C up  n<e  -  i(^Cn,j, 

nr  *"<[(& Chr  n<*  =i(&)*CnV 

tv  -HfcTc? ,3  -*v  =Mtefc-fv 

tr  -  i(KX)2Cj>r  S?  -i(-*xYCfy 

For  hydrofoil  craft  configurations  v/ith  a  rudder  or  with  control 
surfaces,  there  are  control  effectiveness  derivatives  and  coeffi¬ 
cients  .  Again  the  control  deflection  angle  is  <f  ,  expressed 
in  radians  and  identified  by  a  suitable  subscript.  The  following 
definitions  give  the  lateral  control  effectiveness  derivatives: 

*&■  >  cu  =  ijt- 

Corresponding  lateral  control  effectiveness  coefficients  are: 


n'  *  i{k)'Cn*  )  t*  =  ifc/cu 

The  sign  convention  for  rudder  deflection  is  (f  positive  for 
the  trailing  edge  of  the  rudder  moved  to  the  right.  For  dif¬ 
ferentially  operated  flaps  or  surfaces,  the  deflection  is 
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positive  for  the  trailing  edge  of  the  right  hand  surface  moved 
up0 


bo  Equations  of  Motion. 

The  derivation  of  the  lateral  equations  of  motion  fol¬ 
lows  the  same  steps  as  in  the  longitudinal  case  if  the  principal 
lateral  inertia  axes  coincide  with  the  X  and  $  axes  of  the 
craft.  This  situation  can  only  be  a  coincidence  and  even  then 
valid  for  only  one  attitude  of  the  craft  because  the  x  and 
2  axes  are  determined  by  the  direction  of  motion  and  the  prin» 
cipal  inertia  axes  are  determined  by  mass  distribution*  It  is 
beyond  the  scope  of  this  report  to  present  a  complete  derivation 
of  the  lateral  equations  of  motion  including  the  effects  of 
product  of  inertia.  The  lateral  equations  of  motion  in  the 
coordinate  system  chosen  for  this  report  are  the  same  as  those 
used  for  aircraft  except  that  hydrofoil  craft  have  several  sta¬ 
bility  derivatives  which  are  absent  in  aircraft.  The  equation 
of  Ref.  (  lh  )  will  be  used  here  with  appropriate  changes  in 
notation  and  the  addition  of  the  required  stability  derivatives v 
In  order  to  simplify  the  expressions,  operator  notation  i3  used 
to  designate  differentiation  with  respect  to  time  in  the  lateral 
equations  of  motion; 
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In  those  equations  the  grouped  parameters  ire  defined  as  follows: 


X 

X 


c.  Stability  Derivatives. 


The  major  difference  bet v/een  the  lateral  dynamics  of 
hydrofoil  craft  and  aircraft  is  in  the  roll  stability  derivatives , 
The  terras  fv  and  flip  are  not  found  in  aircraft.  These  roll 
angle  derivatives  Indicate  that  an  angle  of  roll  from  equilibrium 
will  tend  to  be  corrected,  but  they  do  not  necessarily  guarantee 
lateral  dynamic  stability.  No  extensive  study  of  the  lateral 
equations  of  motion  ha3  been  possible  as  part  of  the  present  in¬ 
vestigation  in  order  to  determine  regions  of  operation  where 
satisfactory  lateral  dynamic  stability  can  be  expected. 

The  uncertainty  in  values  of  stability  derivatives  which  was 
pointed  out  for  the  longitudinal  case  is  probably  even  more 
prevalent  in  the  lateral  case.  It  is  possible  to  compute  lateral 
derivatives  by  the  same  effective  angle  of  attack  methods  which 
were  pointed  out  in  the  longitudinal  analysis.  However,  such 
calculations  can  be  considerably  in  error.  Certain  derivatives 
can  be  estimated  by  static  model  tests  but  others  require  var¬ 
ious  types  of  dynamic  tests.  These  difficulties  probably  account 
for  the  small  amount  of  serious  'work  that  has  been  done  toward 
investigating  the  lateral  characteristics  of  hydrofoil  craft. 
Further  clarification  of  the  subject  will  require  carefully 
planned  tests  both  of  models  and  full  scale  craft, 

d.  Steady  Turns. 

The  lateral  equations  of  motion  provide  a  convenient 
means  of  computing  the  turning  radius  of  a  hydrofoil  craft. 

These  equations  are  not  strictly  applicable  to  maneuvers  with 
disturbances  from  steady  level  operation  as  large  as  those  which 
might  be  expected  in  a  turn.  However,  the  use  of  these  equa¬ 
tions  offers  the  simplest  means  of  predicting  turning  radius. 

For  design  calculations  before  a  craft  is  built,  the  expected 
characteristics  will  probably  not  be  known  with  accuracy  which 
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warrants  any  more  detailed  calculations. 

To  obtain  the  conditions  in  a  steady  turn,  assume  that  the 
rudder  is  deflected  an  amount  cAj*  and  that  all  derivatives 
of  ^  ,  '?  and  have  vanished.  This  means  that  the 
craft  has  reached  a  new  equilibrium  with  a  sideslip  angle,  a 
roll  angle  and  a  rate  of  turn*, 


<?  +  (M, 

-  -^<3t  -  ft  -  -^f^)  =  -ds^dr 


The  subscript  (  5^  denotes  a  specific  constant  value  of 

the  variables  corresponding  to  the  control  deflection  .. 

The  above  equations  are  three  simultaneous  algebraic  equations 
in  three  unknowns  and  the  values  of  (3^  ,  c ^  Jytj  can 

be  found  easily  by  the  methods  of  elimination  by  variables  or 
by  determinants.  The  turn  radius  can  be  found  from  the  rate  of 
turn  and  the  forward  speed,, 


Rt  =  Turh/ng  Rrdius  =:  Jr- 


fit  =  _4  f&t  -  yr)(A>n+  - Knv)  +nr(Kfi-yru\ 

^  t  "vrv  ~  nvfv)  rsj-fXfiy  -  Pi/  n?)  f  -KfvX  J 


The  roll  angle  in  a  steady  turn  can  be  computed  in  the  same  wayt 

(f>t  ~  cG'l UfjCfit-nv  -J>v/)r)+te(yynr  - 

p,  -  yr)(fvr)(f  yvrtr  -Knv)  +  k’Jv  ~yvn  <j*)J 
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Note  that  the  momenta  of  inertia  of  the  craft  do  not  affect 
these  answers  because  each  term  in  bo'sh  the  numerator  and 
denominator  contains  the  squares  of  the  radii  of  gyration 
in  both  roll  and  yaw . 

Solutions  for  such  information  as  how  long  it  takes  to  achieve 
a  steady  turn  and  the  form  of  the  path  covered,  can  be  obtained 
by  assuming  a  step  control  surface  deflection  and  solving  the 
complete  equations  of  motion  for  the  associated  transient  re¬ 
sponse  by  the  methods  given  in  ltef«  (  13  )0 
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a.  DXMAMIC  STABILITY  OF  FIXED  FOIL  SHAFT. 

The  theory  of  the  dynamic  stability  of  fixed  Toil  hydrofoil 
vessels  is  developed  in  Sec,  F  of  this  report,  A  solution  of 
the  equations  which  have  been  derived  can  be  obtained  for  each 
particular  configuration  of  interest  and  for  each  operating 
condition  which  appears  to  be  significant.  General  properties 
of  these  equations  can  be  investigated  for  certain  ranges  of 
stability  derivatives  by  approximate  factori nations  or  other 
special  methods.  However,  there  are  no  simple  criteria  for 
indicating  satisfactory  dynamic  stability  and  no  simple  design 
rules  which  will  guarantee  it  for  all  configurations. 

The  largest  region  of  uncertainty  concerning  the  properties 
of  surface  foils  is  their  contributions  to  stability  deriva¬ 
tives.  The  information  which  has  been  found  experimentally 
about  slanting  foils  is  most  useful  for  trim  calculations. 

It  can  be  used  to  compute  certain  stability  derivatives  3uch 
as  the  height,  pitch  angle  and  roll  angle  static  derivatives . 
There  i3  no  experimental  information  available  with  which  to 
estimate  the  damping  derivatives  or  the  apparent  additional 
mass  terms  for  surface  foils.  Theoretical  treatment  of  these 
problems  would  be  very  difficult  and  any  results  would  require 
experimental  verification. 

The  most  promising  prospect  for  obtaining  typical  values  of 
stability  derivatives  is  to  conduct  special  tests  which  yield 
the  values  of  isolated  derivatives.  These  tests  can  be  conduc¬ 
ted  by  mounting  models  of  the  foils  free  to  move  in  certain 
restricted  directions  and  recording  their  motions  in  response 
to  disturbances,  i>uch  tests  are  best  conducted  in  facilities 
where  the  v/ater  moves  past  bhe  model  rather  than  the  tovdng 
tanx  type  of  arrangement. 

Lacking  3uch  tests,  there  is  some  hope  of  developing  a  method 
for  decomposing  the  motions  of  models  into  stability  deriva¬ 
tives  by  assuming  that  the  equations  which  have  been  derived 
represent  the  form  which  these  motions  take.  Such  a  method 
could  then  be  applied  to  the  data  which  have  been  taken  by 
several  investigators  with  towed  models  of  various  configura¬ 
tions.  To  date  no  satisfactory  means  have  been  devised  to 
analyze  dynamic  test  data  of  self-propelled  or  towed  vehicles 
and  obtain  stability  derivatives. 

The  data  on  the  motions  of  models  with  various  degrees  of  free¬ 
dom  have  been  taken,  mostly  on  relatively  small  models.  The 
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information  consists  of  traces  of  the  time  histories  oi  motion 
of  the  models  at  various  speeds,  loadings  and  center  of  gravity 
locations.  Refs.  (  1J>  )  show  typical  data  of  this  nature . 

Almost  all  these  data  aro  concerned  with  longitudinal  motions. 

Due  to  tho  present  lack  of  information  about  fixed  foil  con¬ 
figurations,  it  appears  that  a  theoretical  dynamic  stability 
analysis  has  very  little  meaning.  This  does  not  mean  that  a 
rational  design  from  a  stability  point  of  view  is  not  possible. 

A  configuration  can  be  designed  that  will  trim  properly,  that 
will  have  static  longitudinal  stability  as  well  as  roll,  direc¬ 
tional  and  height  stability.  lVith  these  requirements  satisfied, 
dynamic  stability  is  almost  certain.  Testing  of  the  configura¬ 
tion  is  then  the  only  certain  means  of  determining  if  the  design 
is  satisfactory. 


H.  DYNAMIC  STABILITY  OF  MOVABLE  FOIL  CRAFT 


Hydrofoil  systems  with  all  foils  submerged  fail  to  meet  several 
of  the  criteria  of  Sec.  II3  A,  3-  of  this  report.  It  is  neces¬ 
sary  to  provide  the  types  of  static  stability  which  are  lacking 
by  deflecting  movable  surfaces  to  correct  orientation  errors 0 
This  type  cf  stabilization  is  accomplished  for  many  other  ap¬ 
plications  by  servomechanisms. ,  A  complete  system  involving  the 
use  of  a  servomechanism  is  called  a  servo  system.. 

Without  attempting  any  formal  definition,  a  simple  explanation 
of  a  servo  system  can  ba3t  be  given  by  an  example.  Most  modern 
dwelling  heating  systems  use  an  automatic  temperature  control. 

The  desired  temperature  is  set  on  a  thermostat  which  also  mea¬ 
sures  the  actual  temperature.  The  difference  between,  the  de¬ 
sired  temperature  is  then  used  to  control  the  heat  output  of 
the  furnace.  In  much  tho  same  way,  height  stability  can  be  ob¬ 
tained  for  a  hydrofoil  craft  by  selecting  the  desired  height, 
measuring  th3  actual  height  and  moving  height-changing  control 
surfaces  an  amount  proportional  to  the  height  error  and  in  the 
appropriate  direction,  ^hus,  the  theory  and  the  equipment  which 
have  been  developed  in  the  field  of  servo  systems  can  be  utilized 
for  the  control  and  stabilization  of  hydrofoil  craft.  There  are 
two  types  of  approach  to  the  design  of  hydrofoil  configurations 
for  servo  stabilization.  These  two  methods  serve  very  different 
purposes  and  great  care  should  bs  exercised  in  the  choice  of  a 
method  for  any  particular  application. 

1.  SERVOMECHANISM  APPROACH. 

For  any  detailed  analysis  the  standard  methods  of  servo  sys¬ 
tem  design  should  bs  used.  It  is  possible  by  such  analysis  to 
incorporate  the,  characteristics  of  each  component  of  the  control 
system  into  the  overall  operating  characteristics  of  the  craft. 
These  methods  also  facilitate  proper  choice  of  control  system 
components. 

An  explanation  of  the  details  of  a  servo  system  analysis  is 
beyond  the  scope  of  this  report.  Physical  as  well  as  mathemati¬ 
cal  treatments  of  the  subject  are  available  in  texts  such  as 
Refo  (  ■  16  ) o  For  the  analysis  of  this  report,  the  notation  and 
nomenclature  of.  Ref. ,(  16  )  will  be  followed  wherever  possible. 
Detailed  system  analysis  will  be  carried  out  by  the  "phase- 
attenuation"  diagram  method  outlined  in  Sec.  Uo8  of  the  reference. 
The -purpose  of  any  such  analysis  is  to  determine  the  best  control 
surface  size  and  the  amount  it  should  be  deflected  in  response  .to 
an  orientation  error  signal o 
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2«  EQUIVALENT  STABILITY  DERIVATIVE  APPROACH 

For  certain  types  of  servo  system  applications,  it  ia  possi¬ 
ble  to  obtain  information  about  the  system  characteristics  by 
simpler  means  than  a  full  servomechanism  analysis*  The  method 
is  not  n«arly  as  general  nor  as  reliable  a3  the  "phase-attenua¬ 
tion"  analysis  but  it  is  adequate  if  the  range  of  stable  opera¬ 
tion  is  not  very  critical.  Also  this  method  does  not  lend  itself 
to  incorporating  the  characteristics  of  the  control  system  ele¬ 
ments  into  the  analysis* 

In  brief,  the  equivalent  stability  derivative  method  replaces  the 
feedback  loop  by  a  tsrm  in  the  equations  of  motion.  The  case  of 
servo  roll  stability  is  a  good  example.  In  this  case,  it  ie  de¬ 
sired  to  keep  the  craft  upright  under  circumstances  where  it  has 
no  inherent  righting  tendencies.  The  angle  of  roll  is  measured 
in  some  manner*  The  roll  control  surfaces  are  arranged  to  move 
an  amount  proportional  to  the  roll  angle  error.  K  is  the  con¬ 
stant  of  proportionality; 

cf  =  k 

The  roll  control  effectiveness  is  expressed  as  a  rolling  moment 
proportional  to  the  angle  of  control  deflection.  In  coefficient 
form  this  is  expressed  as: 

Cj 

The  rolling  moment  coefficient  due  to  a  roll  angle  is  then: 

Cf  =  KC/J-  V 

Thus,  the  rolling  moment  coefficient  per  unit  roll  angle  is  a 
constant  with  the  form  of  a  stability  derivative; 


quivalent)  5 

Equivalent  stability  derivatives  can  be  used  in  the  equations 
of  notion  in  the  same  manner  as  actual  stability  derivatives  to 
find  characteristic  motions. 

This  type  of  analysis  is  particularly  useful  as  a  means  of  ex¬ 
ploring  the  general  effects  of  various  types  of  feedback  on  the 
motions  of  a  system.  It  should  be  used  with  great  care  because 
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it  does  not  indicate  what  is  the  best  value  of  K  or  Cjj  to 
use  or  how  much  it  is  possible  to  vary  them  before  the  system 
becomes  dynamically  unstable o 

3.  LONGITUDINAL  SYSTEM. 

The  main  purpose  of  the  longitudinal  stabilization  system 
is  to  provide  height  stability.  Ordinarily  a  configuration  con¬ 
sisting  of  a  main  foil  and  stabilizing  foil  will  be  well  damped 
in  pitch  so  that  the  proper  amount  of  height  stability  will 
usually  result  in  a  dynamically  stable  system.  However,  other 
types  of  feedback  such  as  pitch  angle  or  rate  of  pitch  may  be 
desirable  to  improve  response  characteristics. 

a*  Calculation  of  Stability  Derivatives. 

The  lifting  properties  of  foil  systems  with  all  foils 
submerged  completely  can  be  computed  by  theoretical  methods 
which  show  good  agreement  with  experiment.  Although  no  experi¬ 
mental  checks  are  available  on  the  computation  of  stability 
derivatives,  procedures  similar  to  those  used  for  aircraft 
should  be  applicable  since  the  same  type  of  lifting  surface 
theory  applies  to  both  wings  and  foils.  It  should  be  pointed 
out  that  the  methods  which  are  used  in  this  portion  of  the 
stability  analysis  usually  yield  satisfactory  values  when  ap¬ 
plied  to  aircraft.  However,  it  is  possible  for  the  computed 
values  to  be  considerably  in  error  compared  to  experimental  or 
flight  test  results.  In  general,  the  orders  of  magnitude  of 
the  stability  derivatives  computed  by  these  methods  should  be 
correct  and  the  solutions  of  the  equations  of  motion  based  on 
them  should  be  representative  of  the  type  of  hydrofoil  craft 
under  investigation. 

For  craft  with  all  foils  submerged,  the  height  derivatives  are 
zox'o  for  all  practical  purpose*. 


IWh  *  “  O 

These  values  simply  imply  that  the  craft  can  change  its  height 
a  small  amount  with  respect  to  the  surface  while  maintaining 
the  same  pitch  angle  and  no  change  in  lift,  drag  or  pitching 
moment  will  result.  Actually  the  proximity  of  the  surface  will 
make  these  conditions  not  exactly  time,  but  the  effect  of 
height  will  be  negligibly  small. 
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As  an  example  of  the  general  method  for  computing  stability- 
derivatives,  one  of  the  most  intricate  damping  derivatives 
will  be  computed  in  detail.  For  such  a  computation,  a  defi¬ 
nite  configuration  is  required.  The  following  sketch  is 
applicable  to  both  stabilizer  forward  and  stabilizer  aft 
configurations.  It  represents  the  attitude  of  a  craft  opera¬ 
ting  in  steady  trimmed  equilibriums 


Consider  the  pitching  moment,  positive  bow  up,  arising  from 
the  pitching  velocity,  £  ,  3 town  in  the  sketch  with  the  condi¬ 
tion  imposed  that  the  vertical  location  of  the  center  of  gravity 
remain  fixed.  The  front  foil  has  an  upward  velocity,  , 
so  it  has  an  apparent  decrease  in  angle  of  attack  of  BfrrttT  0 
This  gives  a  change  of  lift  coefficient.  Cl cc/»  /p  >  and  a 
moment  about  the  center  of  gravity:  ' 

Ml  ~  ~  efrn  Clec  m  £  V*Sm  X  fm/v 

Similarly,  the  rear  foil  has  an  increased  apparent  angle  of 
attack  and  a  moment: 
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Ml  =  -©/feCtas*  -£  tT^f 

There  is  a  lag  in  the  effect  of  the  downwash  from  the  front 
foil  due  to  the  time  it  takes  for  the  downwash  to  get-  from  the 
front  foil  to  the  rear  foil.  The  time  required  is  //'~  and  the 
apparent  angle  of  attack  lag  is  /&  o  The  downwash  angle 
lag  is  therefore  j  l y  «  The  moment  on  the  rear  foil 

due  to  the  downwash  lag  is: 

Ms  =  ~§  CL*t  $V*St  xft/V 

The  changes  in  lift  on  the  two  foils  result  in  changes  in  drag 
and  since  the  foils  are  below  the  center  of  gravity,  a  pitching 
moment  results.  On  the  forward  foil  the  lift  decreases  so  there 
is  a  positive  pitching  moment  from  the  drag: 


-  2.S$?r>  Giro  Ciccrn  Q-V"2Sm  den  V 

On  the  rear  foil  the  lift  increases  so  the  drag  is  greater  and 
the  pitching  moment  from  the  drag  is  negative: 

Ms  =  dtfftjv 

It  is  physically  apparent  that  a  foil  in  a  flow  of  velocity,  Xf3 
with  a  vertical  velocity,  Jj  ,  experiences  an  apparent  angle  of 
attack  ej/ifo  The  flow  pattern  resulting  from  this  vertical 
velocity  is  the  same  as  that  for  a  foil  with  an  added  angle  of 
attack,CC=^*/ fr  0  In  much  the  same  way,  a  foil  which  i3 
rotating  with  a  pitch  velocity,  9  ,  has  the  same  flow  pattern 
as  it  would  if  it  were  not  rotating  but  had  a  vertical  accelera¬ 
tion  JV  »  Any  solid  body  at  rest  in  a  fluid  and  subject  to 
an  unbalanced  force  receives  an  acceleration  which  depends  on 
its  mass  and  on  an  apparent  additional  mass  due  to  the  density 
of  the  fluid  around  it  aa  shown  in  Ref.  (  1?  ).  This  addi¬ 
tional  apparent  mass  depends  on  the  shape  of  the  body,  the  di¬ 
rection  of  acceleration  and  on  the  density  of  the  fluid.  There 
is  a  complete  theoretical  solution  for  a  flat,  elliptical  plate 
of  any  aspect  ratio,  accelerating  normal  to  its  face.  Thia 
planfora  is  close  enough  to  the  types  of  foils  which  would  be 
used  for  all  underwater  hydrofoil  configurations,  for  calcula¬ 
tion  purposes.  Ref.  (  18  ).  gives  tabulated  values  of  this 
solution.  Fig.  (3  )  shows  a  dimensionless  coefficient,  k, 
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which  is  a  rasa sure  of  the  apparent  additional  volume  of  a 
flat  elliptical  plate.  The  fores  due  to  tns  apparent,  addi¬ 
tional  mass  acts  at  the  center  of  area  of  the  surface*  Since 
the  longitudinal  reference  dimensions  are  measured  from  th9 
quarter  chord  of  the  mean  aerodynamic  chord,  a  term  must  be 
added  to  the  moment  arm  to  give  the  proper  moment  on  the 
front  foil.* 

Me  -  -h&fL'trSmCm 
The  analagous  term  for  the  rear  foil  is: 

Mr  =  + 

Dividing  the  sum  of  the  moments  by  rC  yields  the  mo¬ 

ment  coefficient.  This  i:.  then  divided  by  o/fv  to  give 
the  stability  derivative: 


+  2  Cum  CLxm 


-  Cl*  Cuxt  (l  +i%) 

jr  KmirCrrj^m - £&■) „  /CtTTC+St  /A+&j 

The  other  derivatives  are  computed  by  similar  types  of  analyses: 


C  2©  =  CBh  -  -  \CLctrv  + 

u  ttr  1  • 

Cis  - 


C*a  - 


"  &)Clcc*  +-4*$**- 
-  j  -t-  -  ty* j 
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Cx*J  *Cl-$b. 


Cxe  -  Cu  - 


Where: 


i 


Si  f  £jCQ±. 
Sm  L  <*Cl\ 


CLt  CLat  (l  ~$§) 


For  stabilizing  foil  aft,  the  all  movable  stabilizing  foil 
control  effectiveness  derivatives  are*. 


C g*dl-  *-  ~  *^  CL(£t 

Cm<rt  =  -  fft.  CLKt 

-I'llfk0-  CtetJ 


For  stabilizing  foil  forward,  these  derivatives  are: 

C  Xtorn  =  ""CLCC/r, 

Cn>Sm  =  ^CLccm  -  CL*m  CLm 
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Flap  control  effectiveness  derivatives  may  be  computed  by  the 
methods  of  Ref.  (  9  )» 

Note  that  Strt  has  been  used  as  tbs  reference  area  for  the 
derivatives.  The  usual  convention  in  choosing  a  reference 
area  is  to  use  the  largest  foil.  For  a  configuration  with  the 
stabilizing  foil  forward,  ,  would  be  used  as  a  reference 
area  and  the  equations  should  then  be  multiplied  by  Sr/i  /6V 
to  change  to  this  convention- 

b.  Transient  Approximation 

Complete  solutions  of  the  longitudinal  equations  of 
motion,  for  the  type  of  foil  configurations  under  consideration 
here,  show  a  quick  response  of  pitch  angle  and  height  change 
when  a  surface  is  deflected  by  a  slow  change  in  speed*  This 
type  of  solution  suggests  that  a  simplifying  approximation, 
neglecting  all  speed  changes,  can  be  made  for  the  initial  re¬ 
sponse  to  control  movements.  An  investigation  of  thi3  approxi¬ 
mation  for  some  typical  configurations  shows  very  small  errors 
in  roots  of  the  characteristic  equations  which  govern  the  ini¬ 
tial  transients.  Table  (  1  )  shows  a  comparison  of  the  exact 
and  approximate  root3„ 

The  transient  approximation  permits  a  tremendous  simplification 
of  the  longitudinal  equations  of  motion  for  servomechanism  pur¬ 
poses.  It  reduces  the  characteristic  equation  of  the  system  of 
equations  from  a  quartic  to  a  quadratic  and  effects  a  similar 
simplification  in  the  control  effectiveness  polynomials. 


The  approximation  is  made  by  setting  U  -  O  in  Equ.  (La,  Lb,  Lc) 
of  Sec.  (II,  F,  2,  b).  The  first  equation  is  then  neglected 
because  it  yields  an  uninteresting  identity.  and 

are  both  set  equal  to  zero  for  reasons  given  in  the  last  sections 


(Plrd-¥. 

{-D^-D^Xd*  l-^D- 


-  M 


r  t*/~  v 
For  the  purposes  of  a  servo  system  analysis,  it  is  most  conven¬ 
ient  to  take  the  Laplace  Transform  of  these  equations.  The 
differential  operator,  D,  becomes  the  Laplace  variable,  s.  In 
Ref.  (  16  )  it  is  given  the  symbol  p.  The  variables,  h,Q 
d' t  are  replaced  by  their  Laplace  Transforms,  Q  &  . 
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These  are  now  a  pair  oi‘  simultaneous  linear  equations  In  two 
unknowns.  Solving  for  and  c'/d  gives  the  longitudinal 

transfer  functions  for  this  system: 


MU 

A 


J8L 

A 


SL 


-  j(-  +yU 

-j-  | ~ fTOQ  -f  2&  | 

+-*&_  -  2<r  t^e  +■ Wtr]j 

-  itfefcK1  ~ sMMms  + 

i-^rs  Zh  -■r^'VhZj])} 

*  S[S*[(I-#X' -&)'**?] 

+ 4?  [-  r/  -39  -  **■  o  -  -ml)  -  **£A 

~  siun£\ 

M  J 

+  £~\  )  +  2h Me  -rrihie 

t  L  *  - 

~  H&  fT)h\ 

~h  ^3  Wq  i? h  ~~stA  2  ^ 
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NOTE:  The  last  term  in  the  expression  for  it  in  identically 
zero  because  MqBh  = 

The  physical  and  mathematical  significance  of  the  transfer 
function  is  e.^lained  in  some  detail  in  Sec.  2*18  of  Ref.  (  16  )„ 
In  brief.,  {&£  represents  the  response  in  change  of  height, 
fa  ,  of  a  craft  due  to  a  control  deflection,  cT  .  This  re¬ 
sponse  may  be  to  a  steady  sinusoidal  control  aeflection  or  to 
almost  any  arbitrary  periodic  or  non-periodic  variation  of  6  . 

The  transfer  function  is  of  the  most  fundamental  importance  in 
determining  the  nature  of  the  control  deflections  necessary  to 
achieve  the  modes  of  stability  not  inherently  present  in  a  hydro¬ 
foil  craft. 


Co  Feedback  Loop3 

The  transfer  functions  which  were  derived  in  a  previous 
section  give  the  response  of  a  craft  to  longitudinal  control  de¬ 
flections.  The  amount  and  direction  of  the  control  deflections 
can  be  determined  by  a  manual  operation  or  by  an  actuator  which 
deflects  the  controls  in  response  to  some  measured  motion  or  at¬ 
titude  of  the  craft.  The  type  of  system  where  the  control  deflec¬ 
tion  is  determined  by  some  ueasured  attitude  of  the  craft  and  this 
attitude  is  then  altered  by  the  control  deflection  is  called  a 
feedback  loop. 

The  longitudinal  mode  of  stability  which  is  most  conspicuously 
lacking  in  all-underwater  hydrofoil  configurations  is  height 
stability.  In  order  to  impose  this  mode  on  the  craft  artificially 
it  is  necessary  to  measure  the  height  of  the  craft  and  deflect  the 
controls  when  the  height  is  not  correct.  In  principal,  some  de¬ 
vice  which  measures  mean  altitude  above  the  water  would  accomplish 
this  purpose.  However,  such  a  device  would  not  also  provide  re¬ 
sponse  to  waves,  which  is  desirable  in  rough  water,  A  vrater  level 
measuring  device  provides  both  features.  Physical  means  of  mea¬ 
suring  the  vrater  level  are  discussed  elsewhere  in  this  report. 

Control  of  riding  qualities  and  possibly  stabilization  of  an 
otherwise  unstable  system  could  be  accomplished  by  providing 
feedback  loops  which  measure  such  quantities  as  pitch  angle, 
pitch  rate,  vertical  acceleration  or  vertical  velocity.  Any  or 
all  of  these  feedback  loops  can  be  provided  and  the  individual 
strengths  of  the  loops  adjusted.  The  same  type  of  analysis  is 
used  for  all  these  types  of  feedback. 

One  convenient  means  of  representing  a  feedback  loop  is  the  "block 
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diagram. "  Such  a  schematic  diagram  shows  the  pa the  uiong  which 
tha  signals  flow  in  a  servomechanism.  Each  elcmant  m  the  system 
is  represented  by  a  box  which  stands  for  its  transfer  function. 

As  an  example  of  a  "block  diagram,"  consider  a  hydrofoil  craft 
system  which  operates  to  move  control  surfaces  when  the  water 
level  on  the  struts  ..s  not  at  the  desired  point.  Kota  that  all 
displacements  are  divided  by  the  craft  reference  length  to  con¬ 
form  with  the  dynamic  analysis: 


Let  <V  be  the  height  of  the  wave  surface  from  the  mean  water  level 
at  the  craft  strut,  -f  the  control  surface  deflection,  and  Q 
and  hff  the  responses  in  pitch  angle  and  height  to  control  de¬ 
flection.  The  transfer  functions  of  the  elements  in  the  loop  arc 
indicated  in  functional  notation  in  their  respective  boxes.  The 
height  stability  and  wave  response  characteristics  of  this  system 
are  specified  hy  the  complete  transfer  function. 

h/f  ~  K,.K*  Gi  (S)  G*(S)  fSsCS) 

dff  ~  /  +  K3  G1 W  GiCS) Gs(S) 

The  stability  of  this  system  can  be  investigated  most  simply  by 
cutting  the  feedback  loop  and  tracing  a  signal  through  the  system. 
This  result  is  called  the  open-loop  transfer  function: 

0i(S)Gi(S)G3(S) 

The  symbols,  >  Hy  >  represent  the  magnitude  of  the  am¬ 

plification  of  steady  signals  as  they  pass  through  each  element. 
They  are  called  gain  constants.  {?,($)  ,  vx($)  *  Gs(S)  ars 

the  complex  phase  and  attenuation  functions  of "each  element, 

A  useful  approximation  for  preliminary  design  purposes  assumes  that 
the  water  level  senser  and  the  actuator  are  perfect  machines  so 
that  their  transfer  functions  are  unity  times  their  gain  constants. 
The  resulting  open  loop  transfer  function  is: 
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4,A£— )  =  M,  Ki  K,  6s(S) 

[d/S-h/S /approx. 

The  transfer  function  fa  was  previously  derived  from  the 

craft  equations  of  motion  and  given  the  symbol  djz.  .  The 

product  of  the  two  gains  /(,  ,  and  Ms  is  the  control  deflection 
per  unit  height  error,  s/4  .  In  terms  of  these  parameters,  the 

perfect  stabilizer  open  loop  transfer  function  becomes: 


After  the  components  of  the  stabilisation  system  are  selected  and 
their  time  constants  determined,  it  is  possible  to  refine  the  ana¬ 
lysis  by  including  the  characteristics  of  the  stabilization  system 
in  vhe  open  loop  transfer  function.  In  general  the  overall  system 
gain  will  not  change  but  the  time  constants  of  the  components  will 
affect  the  phase  and  attenuation  of  the  system  frequency  response » 

Feedback  loops  using  other  than  height  error  signals  can  be  pro¬ 
vided  for  a  hydrofoil  craft  and  the  analysis  of  their  characteris¬ 
tics  is  similar  to  the  one  outlined  above.  The  present  study  indi¬ 
cates  that  satisfactory  longitudinal  dynamic  stability  can  be 
achieved  by  height  feedback  alone  and  it  was  felt  that  the  direc¬ 
tion  of  useful  further  investigation  could  be  best  determined  by 
study  of  the  actual  results  of  operation  of  a  hydrofoil  craft 
based  on  this  principal. 

The  general  study  of  feedback  loops  is  treated  in  detail  in  Ref. 

(  16  ) j  and  the  very  brief  discussion  above  is  intended  only  to 
show  the  direction  in  which  the  longitudinal  stabilization  inves¬ 
tigation  of  this  report  was  pursued. 

U.  LATERAL  SYSTEM. 

A  hydrofoil  craft  with  all  foils  submerged  and  the  hull 
supported  on  struts  appears  to  have  unsatisfactory  lateral 
dynamic  stability  characteristics  if  no  control  stabilization 
system  is  provided,  with  controls  fixed,  the  craft  has  slight 
roll  stability  due  to  gravity  and  no  tendency  to  follow  waves 
in  roll.  The  directional  stability  depends  on  the  strut  con¬ 
figuration.  The  dynamic  stability  appears  usually  to  have  the 
"spiral"  instability  which  is  sometimes  found  in  aircraft  and  is 
discussed  in  Ref.  (  II4  ).  Some  type  of  roll  angle  or  lateral 
wave  location  stabilization  appears  to  be  necessary  for  this  type 
of  craft. 
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a.  Calculation  of  Stabillby  Derivatives. 

The  calculation  of  lateral  stability  derivatives  for  air¬ 
craft  is  usually  much  less  accurate  than  the  longitudinal  cane* 

For  hydrofoil  craft  the  aituation  is  further  confused  by  the 
proximity  of  the  water  surface.  The  usual  method  of  calculating 
lateral  stability  derivatives  for  aircraft  employs  the  "quasi¬ 
steady"  method,  which  was  used  in  deriving  the  longitudinal 
formulae.  Ordinarily  such  refinements  as  additional  apparent 
mass  and  sidewash  terms  are  neglected  for  aircraft  because  they 
are  usually  small  and  because  the  poor  probable  accuracy  of  the 
other  terms  obscures  their  effects.  For  a  hydrofoil  craft,  the 
additional  apparent  mass  terms  can  be  very  important  so  they  should 
not  be  neglected  without  investigating  their  magnitude « 

Probably  the  most  reliable  means  of  obtaining  lateral  stability 
derivatives  is  by  model  tests  in  a  towing  tank  or  water  tunnel. 
These  can  be  static  tests  to  find  such  values  as  directional 
stability  or  oscillatory  tests  to  find  damping  .me  apparent  mass 
values.  To  date  no  applicable  data  appear  to  bo  available  on 
any  such  tests. 

In  the absence  of  reliable  test  data  it  is  necessary  go  make  some 
rather  crude  assumptions  in  order  to  compute  lateral  stability 
derivatives.  The  contributions  of  the  foils  to  stability  deriva¬ 
tives  can  be  approximated  quite  accurately  by  the  theoretical 
methods  which  are  used  for  aircraft.  The  contributions  of  the 
struts  can  be  approximated  by  assuming  a  lift  curve  slope  for  their 
underwater  portions.  The  lower  end  of  the  strut  is  and  plated  and 
the  upper  end  intersects  a  free  surface.  A  reasonable  assumption 
for  the  characteristics  of  such  a  surface  i3  tha/G  the  lift  curve 
slope  is  the  same  a3  the  wetted  portion  of  the  strut  would  have  if 
it  were  isolated  in  an  infinite  fluid.  The  vertical  location  of 
the  force  on  this  strut  section  is  probably  below  the  mid-point 
and  most  likely  near  a  point  h/3V  times  the  depth  of  submersion 
up  from  the  foils 

Based  on  the  assumptions  above,  it  is  possible  to  write  formulae 
for  the  lateral  stability  derivatives  in  terms  of  wetted  strut 
areas  and  foil  characteristics.  The  accuracy  of  these  expres¬ 
sions  in  representing  the  stability  derivatives  is  so  uncertain 
that  these  formulae  are  not  presented  here  since  they  might  be 
more  misleading  than  useful.  The  lateral  control  effectiveness 
derivatives  can  be  computed  in  much  the  same  manner  as  the  longi¬ 
tudinal  values.  In  Sec.  (Ill,  c,  l)  the  lateral  stability  deriva¬ 
tives  for  a  specific  configuration  are  estimated  by  this  method 
since  it  represents  the  only  available  means  for  obtaining  such 
estimates. 


b.  Feedback  Loops. 


The  type  of  servomechanism  analysis  applicable  to  the 
lateral  case  is  similar  to  the  longitudinal  analysis  outlined 
in  Sec.  (II,  H,  3,  c).  The  feedback  loop  of  most  interest  in 
the  lateral  case  involves  two.  asymmetrically  located  water  3e  vel 
sensing  devices  which  cause  asymmetrical  control  surface  deflec¬ 
tions  in  response  to  differences  in  their  measured  vrater  levels. 
This  type  of  system  gives  roll  stability  and  also  response  to 
waves  coming  from  the  side.  The  "block  diagram"  for  such  a 
system  is  presented  below: 


In  the  block  diagram,  &  is  the  apparent  measured  roll  angle 
from  the  water  level  difference  on  the  struts j  tf  is  the  con¬ 
trol  deflection;  and  <5  ,  'f  ,  are  the  motions  of  the 
craft  resulting  from  control  deflection. 

Other  feedback  loops  which  measure  such  quantities  a3  rate  of 
roll  or  sideslip  angle  can  bs  incorporated  into  the  craft  in 
much  the  same  way.  It  has  been  the  aim  of  the  analysis  of  this 
report  to  try  to  achieve  satisfactory  dynamic  lateral  stability 
and  lateral  wave  response  by  water  level  sensing  alone  and  fur¬ 
ther  development  of  lateral  stabilization  can  best  be  directed 
by  the  results  of  operating  tests. 
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I.  SUMMARY  AND  CONCLUSIONS 


The  philosophy  of  stabilization  followed  in  thi3  report  is  to 
develop  a  hydrofoil  system  which  best  meets  a  design  performance 
specification  and  then  stabilize  the  configuration  in  a  manner 
which  imposes  the  least  performance  penalty.  For  a  design  to 
achieve  high  speed  as  the  major  aim,  the  most  serious  problems 
appear  to  be  cavitation  and  wave  response.  Doth  ox  these  phenomena 
can  best  be  studied  by  experimental  means.  The  main  effort  of  this 
report  is  to  study  the  problem  of  stabilization  of  a  craft  designed 
for  best  lift-to-drag  ratioo  Configurations  best  suited  to  this 
purpose  can  be  investigated  theoretically  for  performance,  strength 
and  stability. 

The  hydrofoil  configuration  which  offers  the  raost  promise  for  high 
lift-tc-drag  ratio  is  a  single  straight  high  aspect  ratio  foil, 
operating  completely  below  the  surface,  supporting  the  main  weight 
of  the  craft  on  struts.  This  foil  can  be  stabilized  by  small  foils 
which  seek  the  water  surface  or  by  completely  submerged  stabilizing 
foils  and  movable  controls  which  are  operated  to  correct  errors  in 
the  orientation  of  the  craft  ’with  respect  to  the  water  surface. 

Surface  seeking  foils  must  be  arranged  so  that  they  give  both 
height  and  roll  stability.  In  order  to  stabilize  an  all  underwater 
foil,  they  must  be  located  forward  of  the  main  foil  and  their  un¬ 
derwater  side  area  kept  low  enough  so  as  not  to  cause  unsatisfac¬ 
tory  directional  stability.  In  general,  it  is  aot  possible  to 
predict  the  characteristics  of  surface  foils  theoretically.  Ex¬ 
perimental  investigation  of  this  type  of  stability  arrangement 
appears  to  be  the  most  satisfactory  way  to  achieve  a  final  design. 
There  is  some  indication  that  surface  seeking  foils  impose  a 
greater  performance  penalty  on  the  overall  configuration  than  the 
completely  submerged  stabilizing  foils  which  would  provide  the 
same  permissible  center  of  gravity  travel. 

The  characteristics  of  fully  submerged  foils  can  be  computed  with 
fair  accuracy.  Control  effectiveness  and  hinge  moments  can  be 
estimated  from  wind  tunnel  data.  With  this  information  it  is 
possible  to  calculate  theoretically  the  static  and  dynamic  be¬ 
havior  of  craft  stabilised  by  movable  foils  or  flaps. 

The  control  system  for  this  type  of  hydrofoil  craft  requires  a 
device  v/hich  determines  the  location  of  the  water  surface.  An 
investigation  of  the  principals  upon  which  such  devices  can  be 
based  indicates  that  using  the  difference  in  hydrodynamic  pres¬ 
sure  in  air  and  water  or  the  difference  in  electrical  conducti¬ 
vity  will  probably  result  in  the  simplest  and  most  reliable 
control  system. 
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Tha  power  and  .frequency  response  requirements  for  actuators  to  move 
primary  flap  controls  can  be  met  most  conveniently  by  the  use  of  hy¬ 
draulic  cylinders.  Other  possibilities  for  flap  actuation  are  pneu¬ 
matic  systems  or  special  amplidynes.  Electrical  actuators  with 
irreversible  drives  are  satisfactory  for  slow  speed  trim  purposes. 

A  craft  which  is  "flown"  by  a  pilot  by  means  of  movable  controls 
should  be  possible  if  some  means  is  available  for  the  pilot  to  de¬ 
termine  the  height  of  the  craft  above  the  water.  Such  an  arrangement 
might  be  useful  for  a  test  vehicle  but  it  would  probably  not  be 
satisfactory  for  continued  service. 

The  configuration  with  a  completely  submerged  main  foil  and  small 
submerged  stabilizing  foils  forward  of  the  main  foil  has  two  in¬ 
herent  difficulties.  In  order  to  achieve  longitudinal  static 
stability,  the  center  of  gravity  must  be  moved  forward  to  the 
point  where  the  stabilizing  foils  are  loaded  so  that  they  tend 
to  stall.  Thus  there  is  an  inadequate  allowable  center  of  gravity 
travel.  Furthermore,  the  struts  supporting  the  stabilizing  foils 
tend  to  cause  directional  instability  which,  in  certain  cases, 
might  have  to  be  balanced  by  vertical  area  aft. 

The  configuration  with  small  submerged  stabilizing  foils  aft  appears 
to  offer  satisfactory  overall  stability  characteristics.  A  craft 
which  uses  movable  stabilizing  foils  as  primary  controls  to  maintain 
height  above  the  water  surface  is  apparently  unstable  with  a  control 
system  which  measures  only  the  location  of  the  surface.  The  use  of 
flap  controls  on  the  main  foil  offers  an  apparently  satisfactory 
solution  uo  obtaining  height  stability  by  water  level  sensing  alone. 

The  same  configuration  appears  also  to  be  satisfactory  laterally 
when  the  main  foil  flaps  are  operated  differentially  to  give  roll 
§ tability ^whlcfr' IS  otherwise  insufficient. 

It  should  be  emphasized  that  detailed  results  of  the  dynamic  stability 
analyses  are  necessarily  subject  to  some  error  because  of  the  uncer¬ 
tain  values  of  stability  derivatives.  However,  it  is  felt  that  the 
general  range  of  the  solutions  is  correct  for  this  type  of  craft  and 
that  satisfactory  configurations  can  be  developed  along  the  lines  re¬ 
commended  in  this  report. 

Experimental  investigation  of  the  type  of  hydrofoil  craft  recommended 
in  this  report  was  conducted  on  two  types  of  manned  test  vehicles.  A 
configuration  with  all  fixed  foils,  using  planing  foils  for  stability, 
was  operated  extensively.  Lata  on  its  operation  are  presented  in  a 
division  of  this  report  devoted  to  the  subject  and  some  remarks  on  its 
stability  properties  are  included  in  Sec.  II,  B,  of  this  division.  A 
second  configuration,  not  contemplated  as  a  part  of  the  original  con¬ 
tract,  using  an  automatic  stabilization  system  operating  flaps  on  the 
main  foil  and  an  all-movable  tail  foil  was  operated  successfully  shortly 
before  the  end  of  the  contract  period.  This  test  vehicle  is  described 
in  Sec.  Ill,  D  of  this  report.  While  the  somewhat  limited  experimental 
operation  of  these  hydrofoil  craft  is  not  a  conclusive  demonstration  of 
the  validity  of  the  principles  presented  in  this  report,  it  is  a  strong 
indication  that  it  is  possible  to  build  hydrofoil  craft  of  the  type 
recommended  with  performance  and  riding  qualities  markedly  superior  to 
comparable  surface  craft.. 


m -  pinion  of  thk  raw-TOM  rear  vshiolk 


One  of  the  primary  purposes  of  the  tear,  vehicle  which  is  doscrioad 
in  the  following  portion  of  this  report  is  t.  obtain  operating 
experience  and  data  on  the  uao  of  movable  controls  as  means  of 
stabilizing  a  hydrofoil  craft .  The  portions  of  the  configuration 
which  are  concerned  with  stability  end  the  erlire  control  system 
are  designed  specifically  as  components  which  beat*  fit  the  require¬ 
ments  of  a  test  vehicle.  The  design  of  a  military  or  transportation 
craft  might  be  quite  different  since  each  has  special  requirements 
which  reflect  its  intended  use.  The  information  which  can  be  ob¬ 
tained  from  the  proposed  te3t  craft  will  be  of  the  greatest  assis¬ 
tance  in  determining  the  direction  in  which  to.  proceed  with  the 
design  of  craft  to  perform  specific  useful  furntioiWo 

A,  CONFIGURATION  AID  OPERATING  CONDITIONS, 

Ths  underwater  configuration  for  which  this  stability  analysis 
applies  may  differ  in  details  from  the  drawings  of  the  craft.  At 
the  time  when  this  analysis  was  performed,  the  design  was  still 
being  refined  and  changes  made  as  detail  design  features  were  worked 
out.  The  configuration  presented  here  is  representative  of  the 
overall  design  and  while  dimensions  may  differ  slightly  from  the 
proposal  drawing,  the  changes  in  the  basic  stability  properties  of 
the  craft  will  be  small.  In  the  preliminary  design  stages  there  is 
no  justification  for  trying  to  follow  relatively  minor  design  changes 
with  the  cumbersome  stability  analysis. 

Fig,  (  U  )  shows  a  sketch  of  the  foil  configuration,  with  the  center 
of  gravity  travel  indicated.  The  attitude  corresponds  to  cruise  con¬ 
ditions  with  design  center  of  gravity  location. 

Table  (  2  )  shows  the  tabulated  properties  and  dimensions  of  the 

f oil3 , 

The  longitudinal  stability  properties  of  the  craft  are  studied  for 
five  conditions.  All  conditions  correspond  to  full  load.  Throe 
speeds  are  considered:  take-off  at  15  knots  and  Cu  « 
cruise  at  20  knots  and  Ct,  e  high  speed  at  30  knots  ana 

Cl.  ”  ol80.  For  take-off  and  high  speed  the  fore  and  aft  center 
of  gravity  locations  are  considered.  For  cruise  the  design  center 
of  gravity  is  chosen, 

Lateral  stability  is  studied  for  the  cruise  condition  with  design 
center  of  gravity  location  only. 
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B.  LONGITUDINAL  ANALYSIS. 


lo  TRIM  CURVES 

Fig.  (5,  6  ani  7  )  show  curves  of  Q  and  Cm as  func¬ 
tions  of  Cl  and  for  three  center  of  gravity1 locations . 

These  curves  were  computed  from  the  equations!  of  Sec*  (II,  E,  a,  2). 
The  geometry  is  determined  from  the  values  of  ^  , 

and  Zifa  3hown  in  Fig.  (  U  )  for  $  s  1*.82°  and  modified  for  other 
angles  of  pitch  by  the  appropriate  formulae  in  Sec.  (II,  E,  a,  2). 
For  these  curves  it  is  assumed  that  the  thrust  and  drag  act  along 
the  same  line  so  there  is  no  resulting  coupl<  .  Lift  coefficients 
and  stabilising  foil  settings  for  the  three  oes,\.gn  conditions  are 
indicated.  Flaps  are  assumed  to  remain  neutral 


2 ,  STATIC  STABILITY  CURVES 

Figs.  8,9  audio)  shove  curves  of  anti  Ctr)^fAg/Lfry  as 
functions  of  C'l  and  St  for  three  center  of  gravity  locations. 

These  curves  are  computed  for  the  ca3e  where  uhe  thrust  passes  through 
the  center  of  gravity  so  that  the  magnitudes  of  pitching  moments  are 
not  correct.  However,  the  slopes  of  the  curves,  which  are _ of  the 
greatest  interest,  are  correct  and  the  proper  value  3  of  Or  Cm  fdCt. 
can  be  measured  at  the  intersection  of  the  desired  Cl  value  and  the 
Si  corresponding  to  trim  for  that  Cl  »  The  curves  were  drawn  this 
way  to  illustrate  the  differences  in  slope  between  the  trim  and  stabi¬ 
lity  curves  for  this  configuration. 

3o  STABILITY  DERIVATIVES  AND  STABILITY  COEFFICIENTS 

Table  (  3  )  shows  values  of  stability  derivatives  and  control 
effectiveness  derivatives  for  this  configuration.  They  were  computed 
from  the  formulae  in  Sec.  (II,  H,  3,  a)  using  the  foil  properties 
shown  in  Fig.  (  k  ).  flap  effectiveness  is  estimated  from  Ref.  (  8  ). 

Table  (  4  )  gives  values  of  stability  coefficients  computed  from  the 
derivatives  in  Table  (  3  )  by  means  of  the  formulae  in  Sec.  (II,  F,  2,  a). 
The  values  of  *44  and  1/  for  each  condition  are  indicated.  For  all 
conditions  a  value  of  s  U-oo. 

The  number  of  significant  fxguras  shown  in  Tables  (  3  icd  I,)  are  not 
intended  to  be  representative  of  the  probable  accuracy  of  the  tabulated 
values. 


Uo  SOLUTION  TO  EQUATIONS  OF  MOTION 


In  order  to  justify  the  use  of  the  longitudinal  transient  approxi¬ 
mation  which  was  developed  in  Sec.  (II,  H,  3,  b),  it  is  advisable  to 
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compute  the  roots  of  the  longitudinal  characteristic  equations  for 
both  the  exact  and  the  approximate  equations  and  compare  them. 

Table  (  1  )  shows  this  comparison  for  the  five  conditions  under 

investigation.  The  approximations  to  the  real  roots  is  well  withir 
the  probable  error  due  to  uncertainties  in  stability  derivatives „ 

The  exact  roots  were  obtained  by  substituting  values  of  stability 
coefficients  and  AA  and  ’V  from  Table  (  h  )  into  Equation 
(ija,  Lb,  he)  of  Sec.  (II,  F,  2,  b),  expanding  the  resulting  system 
of  equations  into  a  quartic  and  then  factoring  the  quartic  to  find 
Jhe  roots.  Approximate  solutions  were  obtained  by  substituting 
values  from  Table  (  h  )  into  the  expression  for  jfl  in  Sec*  (II,H,3jb) 
and  factoring  the  resulting  quadratic.  These  roots  have  the  dimen¬ 
sions  of  1/sec o 

5.  PERFECT  SERVOMECHANISM  CURVES. 

In  the  absence  of  detailed  information  about  the  time  constants 
of  the  servo  system  components  required  to  operate  the  fast  response 
controls,  the  only  phase  and  attenuation  plots  which  can  be  pre¬ 
sented  are  those  corresponding  to  perfect  servo  components.  These 
plots  do  not  indicate  whether  a  complete  system  will  work,  but  only  * 
whether  it  is  possible  under  ideal  conditions  for  it  to  work.  The 
main  effort  of  this  phase  of  the  investigation  is  to  determine  whicn 
controls  offer  the  best  prospects  for  a  stable  system  which  operates 
by  determining  the  location  of  the  water  surface  only. 

It  was  first  thought  that  moving  the  stabilizing  foils  alone  might 
provide  a  height  correction  system  which  was  stable.  In  order  to 
investigate  this  situation,  the  stability  coefficients  and  the 
stabilizing  foil  effectiveness  coefficients  from  Table  (  3  )  were 

substituted  into  the  expression  for  the  open  loop  transfer  function 
corresponding  to  this  feedback  loop  as  developed  in  Sec,  (II,  H,  3,j). 
This  transfer  function  was  then  factored  and  plotted  on  an  attenua¬ 
tion-phase  diagram  as  shown  in  Ref.  (  16  )»  Fig.  (  11  )  shows  this 
plot  for  the  cruise  condition  and  design  center  of  gravity  location. 
Notice  that  no  phase  margin  is  possible  for  any  value  of  system  gain 
so  there  is  no  possibility  of  obtaining  a  stable  system  by  this  means 
alon8. 

The  next  step  was  to  .investigate  the  use  of  flaps  on  the  main  foil  as 
a  means  of  obtaining  the  desired  height  stability  and  a  stable  system. 
The  values  of  stability  coefficients  and  the  flap  effectiveness  coef¬ 
ficients  of  Table  (  ly  )  were  substituted  into  the  expression  for  the 
open  loop  transfer  function  and  the  resulting  equation  plotted  on  an 
attenuation-phase  diagram.  Figs.  (  12  to  16)  show  these  plots  for 
the  five  conditions  under  investigation.  Note  that  all  five  conditions 
demonstrate  phase  margins  of  $6 0  or  better.  Ref.  ( l6  )  recommends 
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a  phase  margin  of  at  least  30°  and  preferably  li?°.  Thus  it  is 
apparent  that  this  system  can  almost  certainly  be  made  stable 
provided  that  the  servo  components  are  carefully  selected  to 
have  sufficiently  small  time  constants. 

Fig.  (  17  }  shows  the  longitudinal  frequency  response  of  the 
craft  at  cruise  condition  end  design  center  of  gravity  location. 
The  feedback  gain  corresponds  to  a  flap  deflection  per  unit 
height  error  of  %  /  jh  “  10  which  gives  physically  reason¬ 
able  flap  dimensions and  deflections. 


C.  LATERAL  ANALYSIS 

1.  STABILITY  DERIVATIVES. 

Four  separate  components  of  the  underwater  configuration  of 
the  proposed  test  craft  contribute  to  lateral  stability  derivatives. 
They  are  the  main  foil,  the  stabilizing  foils,  the  wetted  portions 
of  the  main  struts  and  the  wotted  portions  of  the  stabilising  foil 
struts.  In  addition,  there  are  three  lateral  control  systems:  the 
main  foil  flaps,  the  stabilizing  foils  and  the  rudders.  Fig.  (  U  ) 
shows  the  portions  of  the  geometry  of  the  configuration  required  to 
compute  approximate  lateral  stability  derivatives.  The  lift  curve 
slopes  of  the  wetted  portions  of  the  struts  are  assumed  to  be 

Ciec  5  3*5  for  the  main  struts  and  Cl%  »  3.3  for  the  stabili¬ 
zing  foil  struts. 

The  component  contributions  to  the  lateral  stability  derivatives 
and  the  total  values  are  shown  in  Table  (  5  ).  The  contribution 
of  the  foils  are  computed  assuming  elliptic  loading  and  "strip 
theory."  Based  on  such  assumptions,  the  important  main  foil  sta¬ 
bility  derivatives  are  as  follows; 

r>A/H  fo/c  /  6 

^  KiAM  rol*  $  *  **  Lm 

Strut  contributions  are  computed  by  the  assumption  of  quasi-steady 
conditions.  As  an  example,  the  formula  for  Ce.r  of  the  stabilizing 
foil  strut  will  be  derived.  The  side  velocity  of  the  stabilizing 
foil  struts  due  to  a  rate  of  yaw,  y'  ,  is  .  The  apparent 
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i..  »  The  side  force  due  to  this  angle  is 
The  rolling  moment  due  to  this  force  is 
.  The  rolling  moment  coefficient  is 
.  Dividing  by  JLkl  gives: 
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Control  effectiveness  derivatives  were  computed  by  means  of  Ref- 

(  9  ). 

The  mass  distribution  of  the  finished  test  vehicle  can  only  be  es¬ 
timated  roughly  in  the  preliminary  design  stage.  For  the  lateral 
analysis  it  was  assumed  that  in  the  cruise  attitude  the  principal 
axis  of  inertia  in  roll  points  in  the  direction  of  motion  so  that 
]\2  =»  0,  The  radii  of  gyration  At  £  and  At  x  then  became  prin¬ 
cipal  radii  of  gyration  and  their  values  were  estimated  to  be  such 
that  y  =  ^<>5  and  -  3.5c 

Table  (  6  )  shows  values  of  stability  coefficients  based  on  the 

stability  derivatives  of  Table  (  5  )  and  the  assumed  mass  distri¬ 

bution.  They  were  computed  by  the  formulae  of  Sec.  (II,  F,  3,  a). 
Values  of  and  shown  are  for  design  gross  weight  and  cruise 
speed, 

Without  the  stabilization  system,  the  derivatives  A  and 
are  both  zero.  With  the  stabilization  system  operating  there  are 
equivalent  stability  derivative  values  for  A?  and  Ki  <p  which 
correspond  to  the  flap  deflection  per  unit  roll  angle.  The  longi¬ 
tudinal  analysis  indicated  that  a  value  of  s  to  h/j>  was 
satisfactory  for  longitudinal  stability.  In  physical,  units  this 
means  that  s  |  or  the  flaps  deflect  one  radian  for  a  two 
foot  error  in  water  level  at  a  strut.  If  this  two  foot  error  in 
water  level  occurs  because  of  a  roll  angle,  it  corresponds  to  a 
roll  angle  of  .255  radians_  because  the  strut  is  ?.85  feet  from  the 
centerline  of  the  craft.  I’hus  c (f  -  J.SJL'jtend: 

Cjpep  =  -&-£■?*{  =  S'SZ(->/8?)  =  -  *733 


Cn<p  ~  S' $>z(. 00  760)  =  ,  0306 
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The  effective  stability  coefficients  are: 

l 

77 10  S  .18? 

I 


2.  PERFECT  SERVOMECHANISM  ANALYSIS 

The  lateral  dynamic  characteristics  of  tie  test  craft  can  be 
determined  bv  substituting  the  lateral  stability  coefficients  in 
Table  (  6  ;  into  the  lateral  equations  of  .notion  of  Sec.  (II, 

F,  3,  b).  Note  that  without  the  flaps  operating,  /<p  and  ft <p 
are  zero.  It  ia  of  interest  first  to  study  the  characteristic 
equation  of  this  system* 

$*  +  2.9.3  S3  +202,8  $2  +  SSJ.7S  ~  8/.06  O 

Factoring  this  equation  yields: 

(S  +  2.0.09 ) (S  +&&)($+  3JJ9)(S~  .206)  ~0 

Notice  tha.t  there  is  no  lateral  oscillation  of  ohe  type  usually- 
found  in  aircraft  but  that  the  familiar  "spiral"  root  is  present 
and  it  is  divergent  in  this  case.  Thus,  the  hydrofoil  craft  with¬ 
out  the  flaps  to  provido  roll  stability  would  not  hold  its  course 
or  remain  level,  but  it  would  go  into  a  3low  spiral  with  increasing 
heel  angle  until  the  hulls  finally  hit  the  water.  The  size  of  this 
root  indicates  that  this  tendency  could  probably  bo  overcome  rather 
easily  by  the  rudders  operating  from  command  signals  alone. 

For  the  purposes  of  studying  the  characteristic  equation,  the  equi¬ 
valent  stability  derivatives  due  to  the  flaps  can  be  used  in  the 
lateral  equations  of  motion.  Using  the  values  of  and  A?  <p 
computed  in  the  previous  section,  the  characteristic  equation 
becomes; 

S4  +  29,3  S3  +  2.39.09  Sz  +  700.  (3S  + 702.4  -Q 

In  the  factored  form  it  is: 

(S  +  16'  12)(S+  6. 46)(S  +  2'  360 +. 6552 )($  +  2.360-.  6S5i)~0 
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These  factors  show  that  the  craft  is  stable  and  is  strongly  damped 
with  the  flaps  operating. 

The  roll  response  to  waves  approaching  the  craft  from  the  side  can 
be  investigated  by  the  servomechanism  analysis.  The  divergent 
"spiral”  root  indicates  that  the  open  loop  transfer  function  has  a 
pole  in  the  right  half  plane,  which  means  that  it  i3  "non-minimum 
phase"  in  the  nomenclature  of  Kaf.  (  16  ).  In  addition,  the  craft 
has  a  slight  sensitivity  to  roll  angle  because  of  the  vertical  es¬ 
tablished  by  the  gravity  vector.  This  means  t-hat  the  servo  system 
will  not  be  a  "zero  displacement  error"  system  in  the  nomenclature 
of  Ref.  (  16).  By  properly  recognizing  these  two  facta,  it  is 
possible  to  construct  the  attenuation-pha3e  diagram  for  the  open 
loop  transfer  function  as  well  as  the  closed  loop  frequency  response 
curve.  Fig.  ( 18  )  shows  the  attenuation-phase  diagram  for  this  case 
with  the  gain  indicated.  There  is  a  satis  factor1'  phase  margin. 

Fig.  (  19 )  shows  the  roll  angle  wave  response  which  is  the  closed 
loop  characteristics  of  the  craft.  Note  that  at  zero  frequency  the 
response  curve  does  not  approach  zero  decibels.  This  is  because  of 
the  slight  roll  angle  sensitivity  of  the  unstabilised  craft. 

The  lateral  analysis  indicates  that  the  craft  should  be  well  damped 
in  all  lateral  modes.  The  frequency  response  in  roll  angle  to  wave 
disturbances  appears  to  be  in  the  proper  range  for  satisfactory 
operation  of  this  type  of  hydrofoil  craft  in  a  beam  sea. 

3.  STEADY  TURN 

The  turning  properties  of  the  proposed  tost  vehicle  can  be  com¬ 
puted  for  both  flap  and  rudder  turns  by  means  of  the  equations  de¬ 
rived  in  Sec.  (II,  F,  3?  d). 

The  turning  radius  and  heel  angle  due  to  a  rudder  deflection  can 
be  found  by  substituting  the  stability  coefficients  and  rudder  ef¬ 
fectiveness  coefficients  in  Table  (  6  )  and  the  values  of  ftp 
and  ft  w  computed  in  Sec.  (ill,  C,  1)  into  the  expressions  for  Rt 

and  <pt<  .  Note  that  the  formulae  use  in  radians  And  hat 

^  comes  out  in  radians. 

Turning  properties  of  the  craft  -with  flap  deflection  are  computed 
in  a  somewhat  different  manner.  Because  the  flaps  are  used  for 
stabilization  purposes,  it  is  not  possible  simply  to  substitute  a 
value  of  sy  into  the  expressions  for  ft*  and  and  use  j?<p 

and  S'} -p  also.  The  way  in  which  a  flap  turn  can  be  made  is  to 

shift  the  water  surface  reference  points  asymmetrically  on  the  two 
main  foil  strata.  This  can  be  done  by  electrical  means  in  the  stabilr- 


CONFIDENTIAL 


82. 


cation  system.  In  this  way  it  is  possible  to  select  a  heel  angle 
to  which  the  flaps  are  to  stabilize  the  craft.  The  turning  radius 
corresponding  to  a  selected  heel  angle  can  be  found  by  computing 
the  value  of  (p-t  /c+  from  the  formula  in  bee.  (II,  F,  3>  d)  and 
the  stability  coefficients  and  fLap  effectiveness  coefficients 
from  Table  (  6  ).  An  apparent  value  of  d\<  corresponding  to 

the  selected  value  of  <Pi  can  be  found  by  df  ~ 

This  value  of  cfy  is  then  used  to  find  /?t  The  actual  flap 
deflection  can  be  found  by  substracting  3-92  Cp*  from  the  apparent- 
value  of  eff  o  This  is  done  in  order  to  compensate  for  the  flap 
deflection  which  was  assumed  in  using  the  equivalent  stability 
derivatives  and  .  As  an  example,  consider  the  flap  deflec¬ 

tion  required  to  obtain  a  5°  heel  angle  for  the  operating  conditions 
under  consideration.  From  the  formula  for  a  value  of  cpt/eSf  ~ 
-.2035  is  obtained.  The  apparent  flap  angle  corresponding  to 
4't  a  .0873  is  <s?  *  .ij29>  The  actual  flap  angle  is 
.lj29  -  3*92(o087 3)  s  .0870  radians  or  U® 97°«  The  radius  of  turn 
for  this  condition  is  computed  from  cr<  s  .i|29  and  comes  out  663 
feet. 

The  following  values  summarize  the  steady  turning  properties  of  the 
proposed  test  vehicle  at  cruise  speed  and  design  center  of  gravity 
location. 

Turning  Radius 

Rudders  only  -  279  ft. 

Flaps  only  -  663  ft. 

Rudders  and  Flaps  -  193  ft. 

Heal  Angle  (Roll  into  turn) 

Rudders  only  -  0.53° 

Flaps  only  -  5 .00° 

Rudders  and  Flaps  -  5-53° 

In  addition  to  the  steady  turning  properties  of  the  craft,  it  is 
possible  to  predict  the  response  to  a  sudden  control  deflection  by- 
computing  the  ti’ansient  response  of  the  lateral  equation  of  motion. 

Methods  for  computing  transient  responses  are  given  in  Ref.  (13  ). 

D.  DESCRIPTION  OF  CONTROL  SYSTEM 

The  stability  analysis  thus  far  has  been  concerned  principally  with 
the  behavior  of  the  craft,  provided  that  it  lias  a.  perfect  stabiliza¬ 
tion  system.  Such  an  analysis  is  of  great  assistance  in  the  selection 
of  system  components  to  give  a  satisfactory  craft.  Figs.  (  12  to  19 ) 
show  that  the  stabilization  system  must  have  a  flat  frequency  response 
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up  to  at  least  two  cycles  per  second  fox'  small  amplitudes  of  flap 
movement.  Once  the  components  are  selected  and  their  time  con¬ 
stants  determined,  it  is  possible  to  refine  the  attenuation-phase 
analysis  and  get  more  realistic  frequency  response  curves  for  the 
craft. 

Fig.  (SO  )  shows  a  schematic  diagram  of  the  automatic  control 
system  proposed  for  the  3.0-ton  test  vehicle.-  Fig.  (  21 )  shows 
an  electrical  circuit  diagram  of  the  servo  system.  The  purpose 
of  this  system  is  to  position  the  craft  so  that  the  'water  surface 
remains  at  a  desired  level  on  both  front  struts.  An  added  re- 
quirsment  is  that  in  steady,  undisturbed  operation  on  calm  water, 
the  flaps  must  have  only  small  deflections  from  the  neutral  posi¬ 
tion. 

As  shown  in  Fig.  (  20  ),  the  electrical  water  contacts  at  (T)  are 
the  means  of  measuring  the  level  of  the  water  surface  on  the  strut. 
These  contacts  are  small  brass  buttons  arranged  so  that  the  water 
completes  an  electrical • circuit  -when  it  touches  them.  The  bottom 
button  provides  a  ground  connection  and  there  is  an  open  circuit 
voltage  between  the  bottom  button  and  the  others  of  28  v  D.C.  When 
a  circuit  is- completed  through  the  water,  current  flows  and  a  relay 
is  closed  in  the  bridge  box  (|)  .  There  is  a  relay  for  each  button. 
These  relays  are  arranged,  as  shown  in  Fig.  (  21  ),  with  resistances 
in  series  with  their  contact  points.  The  resistance  of  the  parallel 
circuit  is  so  arranged  that  as  each  relay  is  closed,  a  similar  in¬ 
crement  of  resistance  is  added  to  the  circuit.  Thi3  change  in  re¬ 
sistance  is  used  to  unbalance  a  Wheatstone  bridge  when  the  water  level 
is  not  at  the  desired  button.  The  bridge  unbalance  causes  a  current 
to  flow  in  the  measuring  leg  of  the  bridge  and  this  current  energizes 
one  of  a  pair  of  solenoids  depending  on  the  direction  of  current  flow. 
Each  solenoid  is  made  to  respond  only  to  current  in  a  chosen  direction 
by  germanium  crystal  diodes  in  series  with  the  coils.  The  two  sole¬ 
noids  are  arranged  to  operate  a  hydraulic  valve  at  (3)  in  a  direction 
determined,  by  the  polarity  of  the  bridge  unbalance.  The  valve  motion 
operates  a  hydraulic  cylinder  which  positions  the  flap  at  (5)  „ 
Attached  to  the  hydraulic  cylinder  is  a  follow-up  potentiometer  (U)  , 
which  forms  one  resistance  leg  of  the  bridge  and  nu3.1s  the  bridge 
unbalance  when  the  hydraulic  cylinder  has  moved  the  required  dis¬ 
tance.  The  hydraulic  system  uses  a  ljjOO  .psi  variable  displacement 
pump  driven  by  an  electric  motor. 

The  trim  system  is  operated  by  relays  which  move  the  trim  actuator 
(6)  whenever  the  water  level  is  not  at  the  proper  position.  There 
is  no  follow-up  potentiometer  on  the  trim  actuator,  which  is  an 
electric  motor  and  worm  gear  arrangement.  The  actuator  moves  the 
stabilizing  foil  (7)  by  means  of  cables. 
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There  are  two  independent  control  systems  which  use  a  common  hy¬ 
draulic  pump  and  electrical  power  source,  but  aro  otherwise  not 
connected*  Each  system  is  mounted  in  and  above  .Its  own  front 
strut  and  operates  tho  flap  at  the  base  of  the  strut  and  the 
stabilizing  foil  diagonally  opposite.  This  cross  rigging  gives 
the  proper  roll  trim  direction. 

The  hydraulic  flap  actuators  are  selected  to  provide  requir  jd 
hinge  moment,  actuating  power  and  frequency  response.  The  hinge 
moment  requirements  are  determined  from  the  flap  characteristics 
which  were  esfchoated  from  curves  and  formulae  of  Ref ,  (  9  )• 

The  flaps  extend  over  2$%  of  the  chord  and  30#  of  the  main  foil 
span.  The  trailing  edge  angle  is  21°.  Maximum  hinge  moment  at 
full  deflection  and  high  speed  for  this  configuration,  in  the 
notation  of  Ref.  (  9  ),  is: 

c»<*  ~  - .  QOIZ  Ch€  -  -  .  0090 

%  2 S&O  LB/FT2'  cc  s  Z.2° 

Ch  =  {(- 00/Z)(2 . 2)  *  (- ,  0090)  20  °  ~  -  .  f84 


Maximum  Hinge  Moment  «•  (-,181;)  ( 23>60)  (. l$.07 ) 72)  js  -363  Ib.ft. 
per  set  of  flaps 
on  one  side  of  craft 

Flap  actuation  power  is  computed  assuming  a  maximum  flap  speed  of 
tvro  cycles  per  second,  and  a  maximum  hinge  moment  of  366  lb.  ft. 
per  set  of  flaps.  This  gives  a  maximum  required  hydraulic  system 
power  of  2,96  horsepower  for  the  craft.  At  a  system  pressure  of 
1^00  psi  the  maximum  required  flovr  is  3.39  gallons  per  minute. 

Frequency  response  far  beyond  the  required  two  cycles  per  second 
can  be  obtained  by  a  valve-on-cylinder  hydraulic  servo  which  is 
used  in  aircraft  control  systems.  The  cable  system  between  the 
hydraulic  servo  and  the  flaps  must  be  carefully  designed  and  pre- 
loaded  in  order  to  give  satisfactory  frequency  response  character¬ 
istics. 

The  solenoid  and  hydraulic  valve  combination  has  been  used  success¬ 
fully  for  guided  missile  applications.  It  has  the  characteristic 
that  the  flow  rate  to  the  cylinder  is  proportional  to  the  coil 
current.  The  follow-up  potentiometer  has  al30  been  used  success¬ 
fully  for  this  type  of  application. 
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The  electrical  trim  actuator  i3  a  standard  aircraft  linear  actuator. 
The  most  satisfactory  trim  speed  and  trim  deadband  can  be  deter- 
mined  only  by  actual  operation.  Provision  must  be  made  in  the  test 
vehicle  to  vary  these  properties  in  order  to  determine  the  desired 
settings.  Provision  must  also  be  made  for  a  trim  cut-out  which  pre¬ 
vents  the  trim  actuators  from  moving  when  the  craft  is  in  a  turn. 
Since  there  is  no  follow-up  on  the  trim  system,  the  roll  angle  of 
the  craft  in  a  turn  will  cause  the  trim  actuators  to  operate  con¬ 
tinuously  so  that  the  craft  will  be  out  of  roll  trim  vrhen  it  resumes 
a  straight  course  unless  trim  cut-out  is  provided. 

The  electrical  contact  button  array  must  be  designed  to  prevent 
false  signals  from  blown  spray,  rain  or  Y/ater  run-off.  Tests  on  a 
mock-up  of  a  single  button  and  relay  show  that  the  electrical  por¬ 
tion  of  the  system  works  ve**v  well  but  that  the  water  run-off 
problem  requires  further  a  .ntion. 

The  control  system  described  above  was  designed  specifically  for 
use  in  a  test  vehicle.  It  was  considered  desirable  to  design  a 
system  which  used  as  many  proven  and  readily  available  components 
as  possible  and  which  could  be  adjusted  and  modified  simply  and 
inexpensively.  The  electrical  sensing  system  permits  adjustment 
of  gain  and  ranges,  simple  electrical  measurement  of  operating 
properties,  and  a  wide  variety  of  functional  modifications. 

A  lii-foot  manned  test  vehicle  using  flaps  and  a  control  system 
somewhat  similar  to  the  one  described  above  wa3  operated  success¬ 
fully.  Height  sensing  was  accomplished  by  means  of  pressure  ori¬ 
fices  along  the  leading  edge  of  the  struts.  The  f3-aps  on  the  main 
foil  ware  operated  by  small  electrical  servo-motors.  The  single 
tail  foil  was  actuated  by  an  electric  motor  for  trim  purposes  only. 
The  craft  took  off  easily  and  operated  foil-borne  at  the  proper 
height,  stabilized  by  the  flap  action  alone  on  many  flights  of 
500  yards  or  better  with  a  crew  of  two.  The  flights  usually  termi¬ 
nated  because  a  mechanical  looseness  in  the  flap  actuation  mechanism 
permitted  the  craft  to  develop  a  vertical  hunting  motion  which  often 
became  severe  enough  to  require  landing.  On  several  occasions  the 
hunting  oscillation  damped  of  its  ovm  accord  and  the  craft  contin¬ 
ued  smoothly.  It  was  the  opinion  of  the  crew  that  the  hunting 
motion  was  caused  entirely  by  the  looseness  of  the  actuation  mechan¬ 
ism  and  that  tightening  the  system  would  result  in  a  completely 
smooth-operating  craft.  This  testing  was  conducted  at  the  end  of 
the  contract  period  as  an  extra  effort  and  time  did  not  permit  the 
relatively  minor  mechanical  changes  which  were  required  to  correct 
mechanical  deficiencies  in  the  control  system. 

E.  ALTERNATIVE  CONTROL  SYSTEMS 

The  control  system  described  in  Sec.  Ill,  D  is  intended  to  be 
flexible  enough  to  that  major  functional  modifications  can  be 
made  with  relatively  minor  equipment  and  circuit  changes. 
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One  of  the  most  important  changes  that  may  be  necessary  is  to 
arrange  the  entire  control  system  so  that  it  operates  as  separate 
longitudinal  and  lateral  systems.  This  might  be  required  because 
of  coupling  between  motions  or  in  order  to  vary  the  gains  of  the 
systems  independently.  This  modification  may  be  acc craplished  by 
using  different  solenoid  coils  and  altering  the  circuits. 

The  electrical  button  contacts  can  be  replaced  by  pressure  switches 
along  the  leading  edges  ofthe  struts.  The  change  required  is  to 
remove  the  bank  of  relays  and  wire  the  button  leads  directly  to  the 
pressure  switches. 

Gyroscope  or  accelerometer  feedback  loops  can  be  included  in  the 
system  by  modifications  in  the  solenoid  coils  and  some  changes  in 
Ydring. 

The  entire  electrical  system  can  be  converted  to  ItOO  cycle  alter¬ 
nating  current  if  some  need,  such  as  the  use  of  precision  gyro¬ 
scopes,  requires  this  modification. 

Provision  for  "flying"  the  craft  by  command  signals  alone  can  be 
made.  It  is  also  possible  to  provide  command  signal  control  and 
still  retain  the  stabilization  features  of  the  control  system. 

These  provisions  for  major  modifications  are  incorporated  into  the 
design  in  an  effort  to  anticipate  difficulties  which  might  arise 
in  the  course  of  operating  the  craft  and  to  provide  as  many  means 
as  possible  of  correcting  the  difficulties  Ydthout  making  major 
physical  changes  in  the  stabilization  system. 
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OF 
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SUMMARY; 

Following  a  review  of  many  known  types  of  marine  propulsion  ays terns, 
more  detailed  consideration  is  given  to  systems  appearing  to  demon¬ 
strate  reasonable  efficiency  in  the  speed  range  of  immediate  interest 
for  hydrofoil  craft  — •  l£  to  £0  knotp. 

A  shrouded  air-driving  propeller  is  shown  to  be  capable  of  efficiencies 
comparable  to  those  of  conventional  marine  propellers,  but  it  might 
have  undesirable  operating  characteristics  because  of  the  fact  that  it 
is  operating  in  a  different  medium  than  the  hydrofoil  craft  itself 0 

High-speed  propulsion  systems,  the  direct  hydropulse,  the  gasoline-air 
hydropulse  and  the  hydroduct  have  been  revievred  briefly.  They  offer 
interesting  possibilities  for  very  high  speed  craft  but  are  considered 
uneconomical  at  this  time  for  the  range  of  speeds  considered  in  this 
phase. 

Investigation  of  the  performance  of  conventional  marine  propellers  in¬ 
dicates  that  cavitation  will  be  encountered  at  speeds  greater  than 
about  30  knots,  the  deleterious  effects  on  performance  increasing  with 
speed  until  they  become  unacceptably  large  at  about  £0  knots.  An 
analysis  is  made  to  show  that  theoretically  cavitation  might  be  elimi¬ 
nated  for  high  speeds  if  the  propeller  is  made  to  operate  in  an  encir¬ 
cling  shroud.  A  theoretical  study  of  shrouded  propeller  performance 
and  design  considerations  indicates  that  efficiencies  comparable  to 
those  of  medium-3peed  conventional  marine  propellers  may  be  achieved 
at  any  desired  speed. 

The  utilization  of  a  marijne  propeller  requires  that  it  be  installed 
at  some  distance  below  the  hull  and  requires  either  right  angle  gear 
drives  or  slanting  shafts,  both  of  which  have  been  used  with  success. 
The  use  of  right  angle  drives  allows  the  drive  shaft  to  be  housed  in 
the  main  foil  supporting  struts  and  is  cleaner  hydrodynamically.  How¬ 
ever,  as  pcwera increase,  the  design  and  size  of  gears  become  a  serious 
problem  and  other  types  of  power  transmission  should  be  considered. 
Because  of  time  and  money  limitations  the  present  report  does  not  in¬ 
clude  consideration  of  this  subject. 

Another  propulsive  requirement  which  is  of  particular  interest  in  hy¬ 
drofoil  craft  is  the  necessity  for  providing  high  thrust  at  relatively 
slow  forward  speeds  in  the  region  of  the  hump  in  the  resistance  curve, 
coupled  with  reasonable  propeller  efficiency  at  considerably  higher 
speeds.  A  controllable  pitch  propeller  appears  to  offer  the  best 
premise  to  satisfy  these  needs. 

It  is  believed  that  a  shrouded  marine  propeller  can  be  developed  to 
produce  acceptable  propulsive  efficiency  at  high  speeds. 
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INTRODUCTION 


The  efficiency  of  hydrofoil  craft  appears  to  be  superior 
to  that  of  other  types  of  marine  craft  at  comparatively 
high  speeds.  If  this  performance  advantage  is  to  be  re¬ 
alized,  the  craft  propulsion  system  must  demonstrate  a 
reasonably  high  efficiency  so  that  the  overall  fuel  con¬ 
sumption  per  ton  mile  is  satisfactory.  Thus  the  major 
propulsion  system  requirement  appears  to  be  that  of  rea¬ 
sonably  high  efficiency  at  high  speeds. 

In  an  effort  to  leave  nothing  overlooked,  many  known  types 
of  propulsion  systems  have  been  considered  and  some,  by 
their  nature,  are  quickly  dismissed  as  inefficient  or 
unsuitable. 

Af  first  glance,  the  direct  hydropulse,  the  gasoline-air 
hydropulse,  the  hydroduct,  the  marine  propeller  and  the 
air-driving  propellers  appear  to  have  performance  char¬ 
acteristics  which  make  them  worthy  of  more  detailed  con¬ 
sideration.  Those  propulsion  system  types  are  analyzed 
and  discussed  in  the  following  individual  sections  on 
each  type. 
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The  Hydropulse,  Gasoline-Air  Hydro pulse ,  and  Hydroduct 


Reference  yl  describes  the  hydropulse,  the  gaaoline-air  hydro- 
pulse,  and  the  hydroduct  and  it  presents  analyses  and  test 
results  concerning  them. 

The  direct  hydropulse  is  similar  to  an  air  pulse- jet  engine 
except  that  the  fluid  concerned  is  water  and  the  energy  is 
supplied  by  the  reaction  of  lithium  or  aluminum  borohydride 
injected  into  the  water  in  the  "combustion  chamber."  This 
propulsion  system  has  bsen  developed  to  the  point  where  it 
is  stated  to  have  a  lower  fuel  consumption  than  that  obtained 
in  any  modern  torpedo  engine  regardless  of  type.  The  best 
fuel  consumption  obtained  in  the  reported  tests  was  $.2  lb. 
fuel  per  thrust  hp.  hr.  at  liO  knots.  (A  marine-propeller 
propulsion  system  having  a  propeller  efficiency,  90# 
gearing  efficiency,  and  an  engine  specific  fuel  consumption 
of  0.6  lb.  per  hp.  hr.  would  show  an  overall  specific  fuel 
consumption  of  1.33  lb.  per  thrust  hp.  hr.) 

Thus,  it  may  be  seen  that  the  fuel  consumption  of  the  direct 
hydropulse  is  considerably  higher  than  might  be  expected  for 
a  conventional  marine  propeller  drive  for  speeds  up  to  per¬ 
haps  l£>  knots.  In  addition,  it  must  be  appreciated  that  the 
"fuel"  for  this  hydropulse  is  lithium  or  aluminum  borohydride 
which  are  expensive  and  difficult  to  handle  as  compared  to 
petroleum  fuels.  It  is  felt  that  this  hydropulse  does  not 
merit  serious  consideration  as  a  propulsion  system  for  hydro¬ 
foil  craft  for  speeds  leas  than  100  knots. 

The  main  body  of  the  gasoline-air  hydropulse  is  very  similar 
to  that  of  the  direct  hydropulse,  but  it  has,  in  addition,  a 
gasoline-air  combustion  chamber  connected  through  a  flap- 
type  valve  to  the  main  duct  just  aft  of  the  duct  inlet  valve 
grid.  In  operation,  a  gasoline-air  Mixture  is  drawn  into  th© 
combustLon  chamber  and  then  ignited  when  the  main  duct  is 
filled  with  water.  The  pressure  of  the  combustion  forces  the 
water  out  of  rear  end  of  the  duct  at  high  velocity,  thus  de¬ 
veloping  thrust. 


The  unit  tested  demonstrated  a  specific  fuel  consumption 
of  approximately  $  lb.  per  thrust  hp.  hr.  at  a  speed  of 
8  knots.  This  unit  is  simple  and  light,  but  as  long  as 
the  fuel-air  mixture  is  not  compressed  prior  to  combus¬ 
tion,  this  type  engine  will  never  be  able  to  realize 
high  specific  thrust  or  Ion  specific  fuel  consumption* 

If  a  method  of  effecting  this  pro-compression  could  be 
obtained,  this  type  of  propulsion  system  should  be  able 
to  show  good  efficiency  for  high  speed  operation.  In 
its  present  form,  however,  the  gasoline-air  hydropulse 
engine  does  not  appear  attractive  for  use  in  high-speed 
hydrofoil  craft. 

The  hydroduct  is  similar  to  a  ram-jet  aircraft  power  plant. 
It  consumes  a  continuous  flow  of  water  and  the  thrust- 
developing  energy  is  supplied  by  the  reaction  of  molten 
lithium  which  i3  injected  into  the  "combustion"  chamber* 

The  hydroduct  is  very  simple  and  can  be  housed  in  a  well 
streamlined  body,  and  for  those  reasons  is  attractive  for 
propulsion  of  high-speed  craft.  The  specific  fuel  consump¬ 
tion,  however,  is  several  times  as  large  as  that  of  the 
direct  hydropulse  and  thus  this  type  of  propulsion  system 
appears  out  of  the  question  for  driving  marine  service  craft. 


Air-Driving  Propeller 


It  has  been  suggested  that  because  of  the  relatively  low 
forward  velocities  involved,  propulsion  by  an  air-driving 
propeller  is  impractical  and  uneconomical  for  hydrofoil 
craft.  This  study  analyzes  the  factors  involved  and  makes 
specific  recommendations  concerning  the  application  of  the 
air  propeller  to  hydrofoil-craft  propulsion. 


Conventional  Propellers 


It  is  generally  well  known  that  the  propulsive  efficiency 
of  a  propeller  decreases  as  the  forward  speed  is  reduced. 
This  characteristic  is  clearly  illustrated  by  the  equation 
for  propulsive  efficiency; 


-  £3 

*  ~  P 


(1) 


where  F  a  thrust. 

VD  a  forward  velocity 
P  m  power  input 

As  the  forward  velocity,  V0  drops  to  zero,  the  efficiency 
also  decreases  to  zero.  This  expression  also  indicates 
that  a  high  ratio  of  thrust  to  power  is  desirable. 


As  shown  in  any  standard  text  on  propeller  theory,  the 
ideal  propulsive  efficiency,  based  on  the  simple  momentum 
theory,  is  expressed  as: 


$ 


2K 


(2) 


where  is  the  velocity  of  the  propeller  slip  stream  at 
atmospheric  pressure.  This  relation  indicates  that  the  pro¬ 
pulsive  efficiency  increases  as  the  slipstream  velocity  is 
reduced  to  a  value  approaching  that  of  the  forward  velocity. 


The  propeller  thrust  i3  expressed: 

*  (H  ~  K)  O) 

where  m  *  the  mass  rate  of  flow  through  the  propeller.  Since 
equation  (l)  indicates  that  the  thrust  should  be  great,  and 
equation  (2)  shows  that  V3  should  be  as  nearly  as  possible 
equal  to  V  then  equation  (3)  discloses  that  the  rate  of 
mass  flow  through  the  propeller  must  be  large.  This  rate  of 
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masa  flow  cun  be  expressed: 

(h) 

where  A,  »  the  propeller  disc  area 

V,  »  velocity  at  propeller  dice 

Since  -  — ^--°~  ,  (Ref.  5),  it  is  not  an  indepen¬ 

dent  variable.  And  since  p  ,  the  air  density,  cannot  be 
controlled,  the  propeller  disc  area*  A,  ,  is  the  only 
facto’*  which  can  be  increased  to  give  high  rates  of  mass 
flow. 


From  these  very  basic  considerations  it  may  be  seen  that 
the  propulsive  efficiency  attainable  for  low-speed  opera¬ 
tion  will  be  determined  chiefly  by  maximum  allowable  pro¬ 
peller  diameter. 


An  expression  relating  thrust,  propeller  disc  area,  and 
ideal  propulsive  efficiency  has  been  developed  bv  Weick 
(Kef.  5):  * 


where 


J2i_  -  ± 


■J 


'-ft 


9 


9 


JprH 


(6) 


This  relation  between  ideal  efficiency,  ,  and  the 

thrust  coefficient,  Cf  ,  is  illustrated  in  Fig.  1.  This 

curve  for  the  unshrouded  propeller  shows  very  clearly  that 

for  a  given  speed  and  thrust,  the  propulsive  efficiency  ^  ^ 

increases  with  increasing  propeller  disc  area.  In  order  C-^c 

to  give  an  idea  of  the  order  of  magnitude  of  the  terms  of  '  ‘  \ 

this  relationship,  it  might  be  pointed  out  that  a  propeller 

developing  1000  lb.  of  thrust  at  30  knots  will  show  an 

ideal  propulsive  efficiency  of  60%  if  its  diameter  is  10  ft. 


It  should  be  made  clear  that  the  ideal  propulsive  efficiency 
does  not  include  any  losses  caused  by  propeller  blade  drag 
or  slipstream  rotation.  *hus,  with  a  propeller  blade  effi¬ 
ciency  of  85%,  the  overall  propulsive  efficiency  for  the 
above  example  would  be  51%. 
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Shrouded  Air  Propellers 


3f  the  propeller  ia  encircled  by  a  shroud,  control  of 
':he  mass  flow  of  air  through  the  propeller  can  be  made 
much  more  effective.  As  pointed  out  in  Ref.  U,  the 
ehroud  functions  to  increase  the  propeller  inflow  and 
thus  decrease  to  a  non-stalling  value  the  blade  angle 
cf  attack,  and  also  to  increase  the  cross-sectional  area 
cf  the  slipstream. 


From  continuity  of  flow,  (See  Fig.  3) 

eM  (?) 

Thus,  with  a  shrouded  propeller,  the  thrust  may  be  ex¬ 
pressed,  from  equation  (3), 


set 

cr: 


F  =  (v3  -K) 


f 


(8) 


(9) 


The  thrust  coefficient  is  therefore: 


The  ideal  propulsive  efficiency  is  still  the  same  as  ex¬ 
pressed  in  equation  (2).  The  variation  of  propulsive  ef¬ 
ficiency  with  thrust  coefficient  for  various  area  ratios 
is  illustrated  in  Fig.  1. 

It  may  be  obsorved  that  for  a  given  thrust  coefficient  the 
propulsive  efficiency  i3  increased  appreciably  by  incorpora¬ 
ting  a  3hroud  with  a  large  exit  area  ratio.  Or,  if  a  given 
value  of  propulsive  efficiency  is  specified,  the  thrust  coef¬ 
ficient  can  be  increased  considerably.  For  the  example  of 
1000  lb.  tlirust  and  60£  ideal  propulsive  efficiency,  the 
propeller  diameter  can  bo  reduced  from  10  ft.  to  6.7  ft.  if 
a  shroud  with  an  exit  area  ratio  of  1.6  ia  employed.  Or,  for 
this  exit  ratio,  the  propulsive  efficiency  could  be  increased 
to  approximately  7#  for  the  10  ft,  propeller  developing  the 
same  thrust. 


Aa  developed  in  Ref.  kf  the  theoretical  relative  thrust 
of  shrouded  and  unshrouded  propellers  for  static  condi¬ 
tions  and  the  same  power  input  can  be  expressed: 


The  test  results  reported  in  this  reference,  however,  show 
that  the  thrust  superiority  of  the  shrouded  propeller  is 
actually  greater  than  indicated  in  equation  (11)  because 
blade  stalling  of  the  unshrouded  propeller  prevents  the 
development  of  thrust  approaching  the  theoretical  values. 
The  thrust  actually  developed  by  the  shrouded  propellers 
tested  was  very  close  to  the  ideal  calculated  values. 


Comparison  of  Propellers  with  and  without  Shroud: 

It  is  quite  apparent  that  the  shrouded  propeller  gives  a 
static  and  low-speed  performance  which  is  superior  to  that 
of  a  conventional  unshrouded  propeller.  For  the  same 
thrust  and  efficiency  the  shrouded  propeller  can  be  of 
considerably  smaller  diameter  than  an  unshrouded  one. 

Since  a  shroud  will  also  serve  as  a  safety  guard,  which 
should  be  incorporated  with  a  propellor  driving  a  hydro¬ 
foil  craft,  its  employment  requires  no  great  amount  of 
additional  work  or  expense. 

The  propeller  operating  within  the  shroud,  however,  may 
necessarily  be  of  special  design  or  require  modification 
from  any  standard  model  available  if  the  desired  high  per¬ 
formance  is  to  be  realized,  ^’his  point  must  be  investiga¬ 
ted  for  each  individual  installation,  but  it  is  probable 
that  the  propeller  must  have  more  than  two  blades.  An  un- 
shrouded  propeller  would  probably  also  require  a  special 
design  because  of  the  unusually  large  diameter  for  a  given 
power  output. 

After  considering  all  factors  it  is  recommended  that  a 
shrouded  propeller  be  used  if  air  propulsion  is  to  be  em¬ 
ployed  for  hydrofoil-type  craft. 
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Design  Considerations  for  Shrouded  Air  Propeller  Installations 

With  air  propulsion,  it  should  be  borne  in  mind  that  the 
hydrofoil  and  its  driving  system  are  operating  in  different 
and  independent  media.  For  calm  conditions  this  factor  is 
unimportant,  but  with  a  relatively  strong  breeze,  the  opera¬ 
tion  of  the  water  craft  may  be  undesirably  restricted.  For 
instance,  if  tha  hydrofoil  were  running  at  30  knots  into  a 
30  knot  wind,  the  power  required  to  drive  the  air  propeller 
would  be  approximately  %Q%  greater  than  under  no-wind  con¬ 
ditions.  The  required  thrust  horsepower  is  twice  as  great, 
but  the  ideal  propulsive  efficiency  increases  substantially 
so  that  the  engine  shaft  power  increases  less  rapidly  than 
the  thrust  power. 

Thus,  if  an  air  propeller  installation  incorporated  a  power 
plant  producing  100$  power  at  th8  design  craft  speed  under 
no-wind  conditions,  the  hydrofoil  craft  must  be  run  down 
wind  or  cross  wind  if  design  high  speed  is  to  be  obtained® 

This  limitation  is,  of  course,  undesirable®  But,  on  the 
other  hand,  the  hydrofoil  teat  craft  may  not  be  operated 
under  windy  conditions  because  of  the  rough  water.  The  in¬ 
stallation  could,  of  course,  be  designed  to  incorporate 
sufficient  power  to  run  into  a  wind  determined  to  be  the 
maximum  in  which  the  craft  could  operate  because  of  rough- • 
water  considerations® 

The  influence  of  the  propeller  installation  on  stability  and 
balance  must  also  be  considered.  The  propeller  thrust  line 
will  be  high  so  that  there  will  be  a  substantial  negative 
pitching  moment  about  the  center  of  gravity.  The  propeller 
slipstream  and  the  area  of  the  3hroud  itself  will  affect  the 
yawing  forces  on  the  craft  and  the  fore-and-aft  location  of 
the  shrouded  propeller  should  be  given  careful  consideration. 

It  is  probable  that  the  simplest  installation  would  incorporats 
an  air-cooled  aircraft  engine.  Since  the  engine  must  operate 
at  full  power  and  low  forward  speeds  for  long  periods  of  time, 
careful  attention  must  be  devoted  to  engine  cooling.  The 
actual  cooling  system  design  would  be  determined  by  the  air¬ 
flow  requirements  and  physical  features  of  the  engine  employed, 
but  it  is  reasonably  certain  that  satisfactory  cooling  could 
be  obtained® 
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As  a  general  cooling  plan,  it  ia  suggested  that  the  engine 
be  mounted  forward  of  the  propeller  with  the  cooling  air 
admitted  at  the  nose  of  the  engine  cowl.  The  cylinder 
baffling  should  be  arranged  to  conduct  the  air  flow  over 
the  cylinders,  rearward  and  in  to  the  base  of  the  propel¬ 
ler  hub.  The  hub  would  have  radial  vane a  so  that  it  func¬ 
tioned  as  a  centrifugal  blower.  The  spinner  would  enclose 
the  propeller  hub  and  be  arranged  so  that  the  cooling  air 
is  exhausted  as  a  reaiward-moving  jet  through  an  annular 
area  directly  behind  the  propeller.  Aith  this  system  there 
is  a  continuous  pressure  gradient  present  and  it  should 
cause  the  flow  of  sufficient  cooling  air. 

If  it  should  appear,  upon  further  detailed  study,  that  the 
foregoing  scheme  would  not  provide  sufficient  cooling,  then 
a  system  employing  the  engine  exhaust  as  jet  ejectors  could 
be  worked  out.  It  is  established  that  such  systems  can  be 
designed  to  provide  satisfactory  cooling  for  static  condi¬ 
tions,  but  the  design  and  development  of  such  a  system 
would  probably  require  more  labor  and  cost  than  the  first 
proposal. 

A  rough  sketch  of  a  possible  installation  is  shown  in  Figo5o 
For  this  sample,  a  10-ton  hydrofoil  test  craft,  the  propul¬ 
sion  requirements  and  performance  estimates  are  presented  in 
Fig.  J+.  A  reasonable  solution  for  this  example  might  be  the 
selection  of  two  five-foot  propellers  having  shrouds  with 
exit  area  ratios  of  l.U.  The  ideal  propulsive  efficiency  is 
6C#  and  for  the  design  speed  requirement  two  engines  of  ap¬ 
proximately  110  BHp.  each  are  required. 

The  thrust  and  efficiency  of  a  shrouded  propeller  is  substan¬ 
tially  superior  to  that  of  an  unshrouded  propeller  of  equal 
diameter.  Since  the  shroud  serves  also  as  a  propeller  guard, 
the  additional  work,  etc. ,  required  for  its  employment  is  a 
small  price  to  pay  for  the  benefits  obtained.  Hydrofoil-type 
craft  can  be  driven  by  shrouded  propellers  with  propulsive 
efficiencies  comparable  to  those  of  marine  drives.  However, 
3ince  the  propeller  and  the  hydrofoil  are  operating  in  dif¬ 
ferent  media,  some  undesirable  operating  restrictions  may  be 
imposed.  From  a  sample  preliminary  design  study,  it  appears 
that  the  power  and  dimensions  of  a  shrouded  propeller  installa¬ 
tion  are  of  reasonable  values  for  the  case  of  a  10-ton  hydro¬ 
foil  craft. 
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Marine  Propellers 

The  general  performance  characteristics  of  marine  pro¬ 
pellers  operating  at  low  speeds  and  non-cavitating  con¬ 
ditions  are  well  understood  and  established.  In  the 
speed  range  of  interest  to  hydrofoil  craft,  however,  the 
cavitation  phenomenon  is  encountered  and  exerts  a  major 
influence  on  the  propeller  performance.  For  this  reason 
the  attention  of  this  study  i3  focused  chiefly  upon  the 
conditions  which  influence  cavitation  and  upon  means  for 
controlling  these  conditions  so  that  the  deleterious  ef¬ 
fects  of  cavitation  can  be  ameliorated  or  eliminated. 

Dr.  V.  Bush  has  suggested  in  private  discussions  that  pro¬ 
peller  design  concepts  would  probably  have  to  be  changed 
if  reasonable  efficiencies  are  to  be  realised  at  high 
speeds.  These  discussions  with  Dr.  Bush  gave  considerable 
impetus  to  these  studies  on  marine  propellers. 


Conventional  Marine  Propeller: 

It  is  well  known  that  the  thrust  and  propulsive  efficiency 
of  marine  propellers  suffer  marked  deterioration  under  high¬ 
speed  operating  conditions  because  of  the  effects  of  cav¬ 
itation.  It  is  generally  accepted  that  cavitation-frae 
operation  is  limited  by  blade  tip  speed,  thrust  loading, 
and  cavitation  number  (Ref.  2  and  3)°  Gawn,  Ref.  3>  recog¬ 
nizes  the  occurence  of  cavitation  as  "commencing  at  such 
vectorial  speed  of  the  propeller  that  the  maximum  local  peak 
suction  on  the  back  of  the  blade  begins  to  exceed  the 
hydrostatic  head  available „n 

It  appears  from  the  literature  that  it  is  still  difficult 
to  closely  predict  the  occurence  of  cavitation  because  this 
phenomenon  is  considered  as  being  influenced  by  too  many 
variables.  These  variables  are  such  quantities  as  "tons  of 
thrust  per  square  foot  of  developed  area,"  and  tip  speed  in 
knots.  Such  terms  do  not  directly  define  the  critical  pres¬ 
sure  developed  on  the  back  of  the  blade,  and  it  would  appear 
that  cavitation  oould  be  more  accurately  predicted  and  under¬ 
stood  if  the  subject  were  analyzed  in  somewhat  more  funda¬ 
mental  terms. 

Fig.  6,  taken  from  Ref.  3>  illustrates  the  general  relation¬ 
ship  between  blade  G ^  and  "location  cavitation  number"  for 
two  particular  series  of  propellers.  The  data  on  reduced 
thrust  conditions  is  interesting  but  perhaps  a  more  funda¬ 
mental  approach  would  consider  the  blade  section  pressure 
coefficient  -  since  this  is  a  direct  indication  of  cavita¬ 
tion  condition  -  rather  than  Cj,. 
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Although  no  mention  of  it  has  been  found  in  the  litera¬ 
ture,  the  increase  of  velocity,  and  decrease  in  pressure 
of  the  flow  entering  the  propeller  appears  to  be  worthy 
of  consideration.  By  incorporating  this  "inflow  effect", 
the  conditions  of  flow  in  which  the  propeller  blades  oper¬ 
ate  can  be  directly  defined  without  reference  to  less 
closely  related  factors. 


As  sketched  in  Fig.  2  and  developed  in  Ref.  5  and  6,  the 
flow  into  a  propeller  operating  in  a  free  stream  has  its 
velocity  increased  over  the  free-stream  value  as  indicated 
in  the  expression: 


(12) 


Since  no  energy  is  added  to  this  flow  entering  the  propel¬ 
ler,  Bernoulli’s  theorem  is  applicable: 


/?-/?  (w> 

where  is  the  static  pressure  in  the  fluid  just  entering 
the  propeller. 


From  (12), 


Dividing  (13) by  gives: 


Substituting  equation  (Ik)  in  (l£): 


(Hi) 

(15) 

(16) 


Cavitation  will  occur  in  the  stream  flow  entering  the 
propeller  when  the  left  side  of  equation  (16)  is  equal  to 
the  location  cavitation  number. 


The  variation  of  this  inflow  pressure  drop  coefficient. 
Equation  (16),  with  slipstream  velocity  ratio,  (%)’ 
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ia  illustrated  in  Fig.  7.  Physically,  this  means  that 
when  the  suction  required  to  accelerate  the  flow  into 
the  propeller  becomes  sufficiently  great,  it  causes  the 
flow  entering  the  propeller  to  "burst"  into  vapor.  Under 
this  condition  there  will  bo  complete  back  cavitation  and 
part  of  the  blade  face  may  also  be  operating  in  vapor. 

Under  such  conditions  the  thrust  and  efficiency  are  dras¬ 
tically  reduced. 

According  to  Rof.  3  a  thrust  coefficient  aa  low  as  0.5 
tons  per  square  foot  of  developed  blade  area  may  be  neces¬ 
sary  for  such  applications  as  small,  fast  motor  torpedo 
boats  -  as  compared  with  the  "time-honored  pressure  coef¬ 
ficient  of  0.75  tons  per  square  foot  of  developed  blade 
area."  It  is  interesting  to  make  a  comparison  between 
these  thrust  coefficients  and  the  values  of  Cf  of  Equa¬ 
tion  (6).  For  a  three-bladed  propeller  with  a  mean  width 
ratio  oi  0,U  -  such  as  might  be  found  in  a  high-speed  craft  - 
the  ratio  of  developed  area/disc  area  as  calculated  by 
Taylor* s  formula  is:  ^  *»  0.509  x  3  x  Q.U  »  0.6l.  Thus, 

1000  pounds  per  square  foot  of  developed  area  is  equal  to 
610  pounds  per  square  foot  of  disc  area.  At  50  knots  this 
i3  equivalent  to  C^-  0.08  SS  ,  This  value 

corresponds  to  a  slip  stream  velocity  ratio  of  about  1.0U3 
and  is  well  below  the  slip  stream  ratio  of  1.275  at  -which 
inflow  cavitation  would  occur  at  $0  knots  (on  the  surface) 
because  of  acceleration  into  the  propeller. 


In  most  discussions  of  propeller  cavitation,  th^  expression 
for  the  dynamic  pressure  is  usually  given' as  fJ!*  ,  or 

2  9m 

r.v  #  where  U  is  the  circumferential  tip  speed  of  the 


propeller.  In  an  effort  to  bettor  express  the  actual  condi¬ 
tions  in  which  the  blades  are  operating,  consideration  should 
be  given  to  the  increased  velocity  of  the  entering  flow  and 
the  location  pressure  coefficient  expressed  in  tores  of  this 
velocity. 


From  a  sinplo  vector  diagram  it  can  bo  seen  tliat  the  velooity 
of  the  flow  relative  to  the  blade  tip  is  ,  and  tiros. 


ft 


(17) 
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Dividing  and  multiplying  by  v/  ,  and  substituting  for  V, 
from  Equation  (lit)  gives: 


Since  C/  =  rrnDi 


(19) 


whore  the  advance  coefficient, 
r  - 

In  older  to  bo  able  to  determine  the  maximum  allowable 
operating  for  a  known  blade  profile,  it  is  necessary  to 
develop  an  expression  for  pressure  coefficient  in  terms  of 
the  dynamic  pressure  of  the  flow  relative  to  the  blade,  a.  . 
From  Bernoulli’s  theorem  for  the  flow  relative  to  the  H 
blade: 


fi+U  -'/?  <2°> 

where  yo  and  ^  are  the  local  pressure  and  dynamic  pres¬ 
sure  at  any  point  on  the  propeller  blade*  It  follows  that 


Substituting  for  pt  from  Equation  (16) 


(22> 

Substituting  from  Equation  (19),  this  can  be  written 


where  C?  is  tho  local  pressure  coefficient  of  the  blade 
ao  determined  by  the  profile  shape.  (In  this  case  the  sign 
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of  the  term  is  opposite  to  the  convention  usually 

employed  in  presenting  airfoil  section  data.)  Dividing 
and  multiplying  the  left  side  of  (23)  by  yields t 


(2U) 


(JLJL)JksC  +  ±lL . 

1  >  /  &  '*  <p*(X)z 

where  +/J- 

Multiplying  both  sides  by  from  equation  (19)  gives 

4^=/*  +($)%+<?-'  «» 


For  use  in  determining  the  maximum  blade  operating  Cu 
that  can  be  employed  without  cavitation,  equation  (23) 
can  be  most  conveniently  written  a3: 


S  ~0>  +  / 

Vz 


(26) 


where  S  is  the  location  cavitation  member  as  determined 
by  depth  of  immersion  and  free  stream  velocity-  In  use, 
the  value  of  Cp^  is  calculated  by  equation  (26)  and,  re¬ 
ferring  to  the  pressure  distribution  of  the  selected  air¬ 
foil  section  data,  the  maximum  allowable  value  of  CL  is 
determined.  This  value,  of  course,  applies  only  to  the 
blade  tipj  and  for  actual  propeller  design  the  allowable 
values  for  other  radii  could  be  calculated  by  modifying 
the  above  equations. 


Equation  (26)  is  plotted  in  Fig.  8.  Th3  great  effect  of 
spaed  is  rc-sdily  apparent,  arid  the  variation  of  the  advance 
coefficient,  J,  is  also  seen  to  exert  a  substantial  influ¬ 
ence.  The  effect  of  thrust  loading  is  secondary  since  ec&t 
conventional  propellers  appear  to  operate  with  a  thrust  co¬ 
efficient  vf  0«1  to  0*U»  Tn556  curves  ouggect  taat  tr.o 
struggle  for  inoro&sed  specks  will  lead  to  prcpalloru  do- 
signed  with  higher  advance  coefficients  (blade  pitch  angles) 
or  the  incorporation  of  variable  pitch  mechanisms. 
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The  values  of  obtainable  for  various  values  for 

an  NACA  66-006  section  airfoil  are  indicated  in  the  vertical 
axis  of  Fig.  8.  These  0]^  values  are  typical  for  a  symmetri¬ 
cal  blade  section  of  6%  thickness,  which  is  a  reasonably  low 
practical  thickness.  Although  this  analysis  may  not  give 
values  which  are  of  exactly  correct  magnitudes,  it  does, 
nevertheless,  indicate  that  it  will  be  almost  impossible  to 
operate  conventional  propellers  without  serious  cavitation 
at  speeds  greater  than  about  50  knots.  Speeds  of  this  order 
will  also  require  high  blade  angles  Y/hich  may  be  impractical 
for  operation  at  lower  speeds  unless  pitch-changing  mechanisms 
are  employed. 

In  short,  it  appears  that  it  will  be  impossible  to  secure 
satisfactory  performance  with  conventional  propeller  drive  on 
service  vessels  required  to  operate  continuously  at  speeds 
greater  than  about  50  knots. 


Cavitation  Elimination:  The  Shrouded  Propeller 


Bather  than  be  resigned  to  thi3  speed  limitation  as  inevi¬ 
table,  it  is  considered  worthwhile  to  investigate  methods 
of  modifying  the  propeller  or  its  operating  conditions  in 
such  a  manner  that  it  can  demonstrate  a  satisfactory  per¬ 
formance  at  high  speeds. 


It  is  obvious  that  if  the  ambient  pressure  in  the  zone  of 
propeller  operation  could  bs  sufficiently  increased,  the 
propeller  could  operate  without  cavitation.  In  addition, 
any  decrease  in  the  velocity  of  the  fluid  relative  to  the 
propeller  blades  would  also  decrease  cavitation.  Both  of 
these  effects  can  be  secured  by  enclosing  the  propeller  in 
a  shroud,  as  illustrated  in  Fig.  ?. 


By  the  design  of  the  shroud  the  velocity  of  the  entering 
flow  is  decreased  and  hence  the  pressure  is  increased.  From 
Bernoulli's  theorem  again: 


fo 


1 

1- 


-/ 


(27) 
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Froa  Fig.  10  it  way  be  noted  that  the  shrouded  propeller 
can  be  designed  to  be  less  critical  from  the  standpoint 
of  cavitation  affects  than  a  hydrofoil  or  other  part  of 
the  vessel  travelling  at  the  speeds  considered.  Cavita¬ 
tion  may  occur  on  the  outside  of  the  shroud,  however,  at 
a  speed  depending  on  the  shroud  shape.  In  general,  the 
shroud  length  must  increase  with  the  speed. 


Since  all  of  this  analysis  has  been  based  upon  the  as¬ 
sumption  of  an  incompressible  fluid,  the  equations  are 
valid  only  for  such  conditions.  The  effects  of  compressi¬ 
bility  will  probably  start  to  appear  at  about  2000  knots 
since  the  accoustic  velocity  of  water  is  approximately 
2500  knots.  Since  such  a  high  speed  is  not  considered 
attainable  in  the  forseeable  future,  Equation  3li  can  be 
considered  as  valid  for  any  speed  likely  to  be  of  interest, 
and  it  indicates  that  a  relatively  great  value  of  allowable 


Gpb  can  always  be  obtained  without  cavitation  with  the 

shrouded  propeller.  This  is  distinctly  superior  to  the 
conventional  uns'nrouded  propeller  (see  Equation  26),  for 
which  the  maximum  allowable  is  2,ero  for  o  even 


for  the  no-thrust  condition, 


Vs 

Ve 
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It  appears  that  for  ship  speeds  of  the  order  of  JjO  knots 
or  higher,  the  performance  of  conventional  propellers  will 
be  adversely  affected  by  unavoidable  cavitation  losses. 
These  losses  will  be  so  large  that  continuous  operation 
at  speeds  of  this  magnitude  will  be  decidedly  impractical 
from  the  standpoint  of  economy.  In  attempting  to  secure 
higher  speeds  the  design  trend  will  probably  be  toward 
thinner  blade  sections  and  higher  values  of  advance  coef¬ 
ficient  and  possibly  pitch  varying  mechanisms. 


Based  on  theoretical  considerations,  it  appears  that  pro¬ 
peller  blade  cavitation  can  be  completely  eliminated  at 
very  high  speeds  by  enclosing  the  propeller  in  a  shroud 
designed  to  establish  a  region  of  high  pressure  and  rela¬ 
tively  low  velocity  in  which  the  propeller  blades  operate. 
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It  has  been  shown  that  propeller  cavitation  can  theoreti¬ 
cally  be  eliminated  by  the  incorporation  of  an  enclosing 
shroud.  Since  the  conditions  of  flow  through  the  propel¬ 
ler  are  obviously  changed  by  the  shroud,  they  should  be 
analyzed  to  determine  the  follovdng  major  points  for  use 
In  design  and  performance  estimates: 

1.  What  parameters  most  greatly  influence  cavitation, 
and  the  values  of  these  parameters  which  are  neces¬ 
sary  to  eliminate  cavitation  for  any  specified 
operating  conditions. 

2.  What  parameters  most  greatly  influence  the  overall 
performance  (efficiency  and  thrust),  and  the  values 
of  these  parameters  which  will  give  the  optimum  per¬ 
formance. 

Considering  that  the  chief  function  of  the  3hroud  is  to 
decrease  the  velocity  and  increase  the  static  pressure  at 
the  propeller,  it  is  evident  that  two  major  factors  will 
be  the  axial  velocity  at  the  propeller  operating  section 
and  the  efficiency  of  the  pressure  recovery  in  the  flow- 
up  to  this  section.  One  convenient  means  of  expressing 
pressure  recovery  is  as  "ram  pressure  recovery  ratio." 
This  parameter  is  defined  as: 


Substituting  Equation  (37)  in  Equation  (30),  the  expres¬ 
sion  for  blade  pressure  coefficient  becomes: 
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This  equation  expresses  the  velocity  ratio  at  the  propel¬ 
ler  operating  section  for  the  condition  that  incipient 
cavitation  exists  at  the  minimum  pressure  point  of  the 
propeller  blades.  The  relationship  between  thi3  velocity- 
ratio  and  the  blade  pressure  coefficient  is  illustrated 
in  Fig.  11  for  speeds  of  30  knots  and  60  knots,  and  in 
Fig.  12  for  extremely  high  speeds,  i.e.  6  ®  0. 

Since  the  shroud  presents  additional  surface  to  cause  re¬ 
sistance,  it  is  to  be  expected  that  there  will  be  internal 
and  external  losses  which  will  tend  to  decrease  the  per¬ 
formance  of  the  propeller.  The  internal  losses  are  the 
more  important  and  can  be  considered  in  terms  of  pressure 
loss  in  the  flow  through  the  shroud. 

If  the  flow  through  the  shroud  suffered  no  losses,  the 
total  pressure  added  to  the  fluid  stream  by  the  propeller 
would,  for  this  ideal  condition,  be  expressed  as: 

AH;  =H3  -H0  (14*) 

The  actual  total  pressure  added  to  the  flow  by  the  propel¬ 
ler  is? 


-Hz  -H(  (1*5) 

If  the  volume  rate  of  flow  is  equal  for  the  ideal  and 
actual  cases,  the  shroud  efficiency  (considering  internal 
flow  only)  can  be  stressed  as: 

-  (ii6) 

Ths  tot-1  pressure  of  the  flow  leaving  the  jet  discharge 
nozzle  may  be  expressed: 

H,  -//5  <W> 

where  /  -  fraction  of  dynamic  head  lost  because  of  friction. 
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(The  application  of  the  friction  factor  to  the  jet 
dynamic  pressure  is  conservative  since  the  friction 
actually  occurs  while  the  flow  velocity  is  loner  and 
in  a  region  of  favorable  pressure  gradient  between  the 
propeller  discharge  and  bha  jet  nozzle  exit.)  Substi¬ 
tuting  for  Ht  from  Equation  (35) j  and  for  H2  from 
Equation  (1)7)  in  Equation  v';6)  gives? 


Since  /> 


-  Ho  ,  <^3  *  fe  -  Pp  -  %n  r.\ 

H*.  Ps  -  14;  H 


}  the  pressure  terms  cancel,  and, 


7s  ~  7o 


Z*(/+S)'7r70 


m 


4* 


7 

'vy 

Vo) 

1*-/ 

ft 

to 

-+/)-  ft. 

(50) 


In  this  expression  the  friction  factor,  /  ,  represents 
the  fraction  of  the  dynamic  head  (of  the  flow  from  the 
propeller  through  the  jet  nozzle)  which  is  lost  because 
of  friction.  This  is  the  same  factor  regularly  employed 
in  expressing  the  pressure  loss  for  fluid  flow  through 
pipes,  etc.,  and  thus  can  be  estimated  with  reasonable 
accuracy  for  given  conditions  of  Reynold's  dumber,  shroud 
diameter,  etc. 

The  overall  propulsive  efficiency  of  the  shrouded  propel¬ 
ler  installation  may  be  expressed; 

(5l) 

where  i3  the  ideal  propulsive  efficiency,  Equation 
(2),  and  Jjb  is  the  propeller  blade  efficiency  which  is 
largely  determined  by  the  Wade  pitch  angle  and  lift/drag 
ratio.  The  propeller  blade  efficiency  is  also  defined; 

w  *  1th. 

%  p 


(S2) 


•whe-o  Q  is  the  volume  flow  through  the  propeller,  and 
P  is  the  power  input  into  the  propeller  shaft. 


The  shroud  efficiency  as  a  function  of  the  major  para¬ 
meters  is  illustrated  in  fig.  13.  It  vd.ll  be  noted  that 
the  jet  velocity  ratio  is  the  most  influential  parameter 
and  that  at  high  jet  velocity  ratios  the  other  parameters- 
within  tho  range  of  values  to  be  reasonably  expected— 
are  relatively  unimportant.  At  jet  velocity  ratios  in 
the  probable  working  range,  eg.  1.2  to  1.5,  the  rain  pres¬ 
sure  recovery  ratio,  Y[r  ,  is  of  considerable  importance. 

It  is  obvious  that  any  installation  should  be  designed 
with  the  objective  of  obtaining  the  maximum  possible  ram 
pressure  recovery  and  minimum  internal  friction  losses. 


The  shrouded  propeller  is  especially  attractive  because 
of  its  freedom  from  cavitation  at  high  speeds,  but  it 
also  supplies  several  other  effects  which  may  cause  a 
net  increase  in  propeller  efficiency  at  all  speeds.  One 
major  result  is  the  end-plate  effect  caused  by  the  shroud 
around  the  end  of  the  blades.  This  effect  will  reduce 
tip  losses  and  should  make  possible  the  attainment  of 
blade  profile  characteristics  approaching  those  of  in¬ 
finite  aspect  ratio  airfoils. 


An  indication  of  the  order  of 
may  be  secured  by  considering 
the  following  conditions: 

Loading . . . . 

Vessel  speed . . . 

Advance  Goef . . 

Propeller  Diam.  . . . 

Calculated  Mean  . 

Induced  Drag  . . . . . 


magnitude  of  this  effect 
a  propeller  operating  under 

l500#/ft.2  developed  area. 
30  knots. 

J  W  loO. 

8  ft. 

0.10  approx. 

O.OOli  approx. 


Considering  that  the  profile  drag  coefficient  of  a  pro¬ 
peller  blade  section  is  perhaps  Cg  a  0,010,  it  will  be 

seen  that  elimination  of  the  Induced  drag  would  decrease 
the  total  blade  drag  by  approximately  30&  with  the  conse¬ 
quent  increase  in  overall  efficiency. 

Another  result  which  may  be  even  more  important  is  the 
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realization  of  operation  with  a  blade  section  which 
gives  the  highest  attainable  values  of  L/D  or  propeller 
efficiency.  For  instance,  curves  in  Ref.  2  show  that 
for  typical  airfoil  blade  auctions,  aspect  ratio  »  6, 
the  lift/ drag  ratio  at  Cl  a  0.1  is  of  the  order  of  13; 
whereas,  if  an  operating  Cj  e  0.3  could  be  realized 
without  cavitation,  a  lift/drag  ratio  of  approximately 
25  could  be  achieved  with  a  6%  thick  section.  It  is 
interesting  to  note  that  with  an  infinite  aspect  ratio 
this  same  section  reaches  its  peak  l,/D  «  70  at  a  value 
of  c  0.6.  Compared  on  the  basis  of  simple  blade- 
element  propeller  theory,  for  an  advance  angle  of  20°, 
the  blade  efficiency  for  those  L/D  values  is: 

L/D  s  13,  Blade  Efficiency  a  0.802 

25  0.888 

70  0.953 

Operation  at  higher  Cl  would  also  mean  that  smaller, 
more  easily  fabricated  blades  could  be  employed. 

By  judicious  control  of  the  internal  cross-sectional 
area  of  the  shroud,  the  propeller  blades  could  be  made 
to  operate  in  a  region  of  favorable  pressure  gradient 
rath  consequent  additional  reduction  in  drag  losses. 

In  order  to  get  an  idea  of  the  order  of  magnitude  of 
the  overall  efficiency  of  the  shrouded  propeller,  as¬ 
sume  a  b/ado  efficiency,  w  s  0.90.  For  a  jet  velocity 
ratio,  and  a  ram  pressure  recovery,  »jr  s  0.90, 

from  Fig.  13  the  product  ^  * iy  *  0.711+.  Thus,  from 
Equation  (5l)  the  overall  efficiency  is; 

c  a  0.711*  *  0.90  B  0.61*2 

This  is  not  as  good  as  the  efficiency  of  conventional 
low-speed  propellers,  but.  it  is  decidedly  superior  to 
the  efficiency  realized  on  high-speed  racing  craft,  etc. 
Again  it  might  be  stated  that  theoretically  this  order 
of  efficiency  is  obtainable  for  rtry  high 
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CONCLUSIONS t 

It  is  believed  to  be  theoretically  possible  to  develop  a 
propulsion  system  to  drive  hydrofoil  craft  at  very  high 
operating  speeds  with  an  overall  efficiency  comparable  to 
that  of  a  moderate -speed  marine  propeller,. 

High-speed  propulsion  systems  such  as  the  hydropulse,  the 
gasoline-air  hydropulse  and  the  hydroduct  appear  to  liave 
efficiencies  too  low  to  be  acceptable  for  propulsion  of 
service  hydrofoil  craft  where  long-range  and  large  pay  load 
characteristics  are  desired. 

Propulsion  by  a  shrouded  air-driving  propeller  appears 
capable  of  operating  with  acceptable  efficiency  and  makes 
possible  a  light-weight  and  simple  installation  for  small 
craft.  However,  certain  wind  conditions  may  develop  un¬ 
desirable  operating  restrictions,  and  the  generation  of 
sufficient  power  for  larger  craft  may  be  difficult  of  im¬ 
possible  to  obtain. 

The  conventional  marine  propeller  gives  satisfactory  pro¬ 
pulsion  for  speeds  up  to  perhaps  30  knots.  For  greater 
speeds  the  deleterious  effects  of  cavitation  become  in¬ 
creasingly  large  until,  at  about  50  knots,  the  propeller 
efficiency  is  reduced  to  a  value  which  is  unacceptable  for 
service  operation. 

Theoretical  investigations  indicate  the  possibility  that 
the  shrouded  marine  propeller  can  develop  efficiencies  up 
to  very  high  speeds  which  are  comparable  to  the  efficiencies 
of  the  conventional  unshrouded  marine  propeller  at  approxi¬ 
mately  30  knots.  In  view  of  the  higher  operating  speeds 
anticipated  with  hydrofoil  craft,  it  appears  desirable  to 
investigate  further  the  possibilities  of  better  performance 
at  higher  speeds  indicated  theoretically  through  the  use  of 
shrouded  marine  propellers. 
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A  Area  ,  sq.  ft, 

Cf-  ~  Thrust  coefficient 

r  j° 

D  Diameter  .  ft 


Thrust 


H  Total  Pressure,  U  xp+g  ,  lb./eq.  fi. 

r  Vs 

Advance  coefficient 
Lift/drag  ratio 


Power 


,  ft.  lb./secc 


Volume  Flow,  cu.  ft./sec. 


Velocity 


,  ft0/secc 


Overall  Propulsive  Efficiency 

friction  Factor,  f  s  (Press,  Loss  due  to  friction)/q 
Revolutions  per  sec. 

Static  pressure 
Dynamic  pressure 
Location  cavitation  number 
Efficiency 
Density 
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Subscripts 

o  Free  stream 

/  At  cross-section  just  entering  propeller 

2  At-  cross-section  just  after  propeller 

3  At  shroud,  discharge  nozzle  (or  open  propeller 
slipstream  where  P3  a  p0) 

b  Blade 

/  Thrust 

i  Ideal 

j  Slipstream  or  jet 

p  Pressure 

t  Total  relative  to  blade 

v  Vapor  of  fluid* 
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INTRODUCTION 


Based  upon  theoretical  investigations  and  reviews  of  availablo 
,t  literature  on  the  subjeot,  certain  predictions  have  been  made 
with  regard  to  performance  and  stability  characteristic a  to  be 
expected  of  hydrofoil  craft  designed  to  obtain  high  values  of 
(L/fo).  It  was  considered  highly  desirable  to  obtain  full-scale 
test  data  against  which  to  check  the  theoretical  analyses  upon 
which  the  predictions  are  baaed,  A  small  hydrofoil  craft, 
designed  to  oarry  four  people,  was  constructed  for  the  purpose 
of  obtaining  qualitative  and  quantitative  performance  and  stab¬ 
ility  test  data  under  actual  operating  conditions.  Primary 
structural  components  were  fabricated  of  laminated  fibreglass, 
in  order  to  obtain  information  regarding  the  use  of  this  material 
for  hydrofoil  craft  construction. 


TEST  OBJECTIVES 


The  primary  objective  of  tests  of  the  full-scale  hydrofoil  craft 
was  to  verily,  under  actual  operating  conditions,  the  validity  of 
methods  of  performance  prediction  developed  in  theoretical  studies 
of  the  subject.  It  was  also  desired  to  obtain,  as  a  secondary 
objective  and  as  time  permitted,  information  regarding  automatic 
control  and  stabilization  of  a  hydrofoil  craft  which  utilised 
completely  submerged  main  and  auxiliary  foils  as  its  primary 
lifting  elements.  The  objectives  of  the  tests  were  realized  by 
the  use  of  two  essentially  separate  configurations,  although  the 
same  basic  power  plant,  bull,  and  main  strut-foil  combination 
were  used  in  both* 


DESCRIPTION  OF  CRAFT  *  Performance  Tests#  Configuration  I 

It  was  desired  to  obtain  performance  test  data  at  a  minimum  expend¬ 
iture  of  time  and  funds.  Accordingly,  an  existing  fibreglass 
fourteen-foot  runabout  hull  was  modified  for  installation  of  a 
two-strut  high  aapeot  ratio  main  hydrofoil,  two  auxiliary  bear 
planing  stabilizing  surfaoes#  and  a  standard  ten  horsepower 
outboard  motor  with  extended  shaft. 

The  laminated  fibreglass  main  foil  and  struts  were  contoured  by 
hand  grinding,  filing,  and  sanding.  They  are  oonsidered  to 
represent  a  practical  minimum  of  manufacturing  eontrol,  since  no 
opooial  effort  was  made  to  hold  the  usual  tolerances  of  particular 
profile  sections.  Contouring  was  continued,  rather,  until  the 
foil  was  oonsidered  to  represent  the  general  characteristics  of 
typical  high-speed  profiles  similar  to  the  NA.CA  65-015,  while  the 
strut  was  of  reotangular  section  with  ogiral  leading  and  trailing 
edges  to  the  one- quarter  and  throe-quarter  chords,  respectively# 
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The  bow  planing  surfaces  consist  of  flat  steel  plates,  of  length  two 
feet  and  width  one  foot,  supported  by  tubular  steel  struts  attached 
to  the  hull.  They  were  adjusted  to  planing  angles  of  12<>5  degrees 
with  the  craft  in  its  design  cruise  attitude  (hull  bottom  12  inches 
above  water). 

TEST  METHODS  *  Performance  Tests,  Configuration  I 

Net  drag  of  hydrofoil  craft  was  determined  by  towing  and  measurement 
of  required  thrust  by  a  simple  spring  scale.  Runs  were  made  at  vari¬ 
ous  combinations  of  speed,  gross  Y/eight,  and  center  of  gravity  loca¬ 
tion.  Drag  of  the  basic  hull  was  determined  by  towing  it  with  the 
main  struts  and  foil  and  bow  struts  and  foils  removed.  All  towing 
runs  were  made  with  the  engine  removed,, 

Qualitative  tests  were  made  by  running  the  craft,  under  its  own  power, 
in  both  calm  and  choppy  water,  at  various  combinations  of  speed,  gross 
weight,  and  center  of  gravity  location.  Observations  were  made  of  the 
handling  characteristics,  turn  performance,  landing  and  take-off  char¬ 
acteristics,  and  general  operating  requirements.  Time  and  funds  did 
not  permit  installation  of  accelerometers  or  other  desired  instrumen¬ 
tation. 

TEST  RESULTS  *  Performance  Teats,  Configuration  I 

Towing  Tests 

Results  of  the  towing  tests  are  indicated  by  Figure  (1).  In  order 
to  check  the  theoretical  analyses  developed  for  prediction  of  hydro¬ 
foil  craft  performance,  performance  of  the  test  craft  was  predicted 
without  reference  to  the  test  data,  in  accordance  with  the  methods 
outlined  in  the  Hydrodynamics  section  of  the  general  Hydrofoil  Studies 
report.  As  indicated  by  the  figure,  agreement  between  the  predicted 
and  test  data  i3  highly  encouraging.  Details  of  the  method  of  predic¬ 
tion  are  shown  in  a  separate  section  of  this  report. 

Figure  (2)  indicates  the  order  of  magnitude  of  each  of  the  component 
drags  and  equivalent  horsepowers .  As  indicated,  the  drags  and  powers 
of  the  main  foil  and  struts  appear  entirely  acceptable,  in  view  of  the 
relative  lack  of  rigid  manufacturing  control  exercised  in  their  fabri¬ 
cation,  It  would  appear  that  practical,  rather  than  laboratory,  manu¬ 
facturing  techniques  will  suffice  for  fabrication  of  high  performance 
hydrofoil  craft. 

Figure  (2)  also  indicates  the  order  of  magnitude  of  the  penalties  in¬ 
volved  in  the  use  of  stabilizing  members  which  rely  upon  contact  with 
the  water  surface  for  their  action,  verifying  the  theoretical  conclu¬ 
sions  drawn  in  the  general  Hydrofoil  Studies  report.  It  is  considered 
probable  that,  although  some  improvement  in  bow  surface  characteristics 
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could  be  realized  with  more  careful  design,  the  penalties  indicated 
appear  to  be  of  the  order  inherent  in  the  type  of  design  which  re- 
lice  upon  planing  surfaces  for  stabilization., 

Figure  (3)  indicates  the  operating  values  of  (L/D)  and  Gliding 
Coefficient  realized  with  the  test  craft  and  its  various  components. 
Here,  again,  the  main  foil  and  struts  appear  entirely  satisfactory, 
whereas  the  bow  planing  surfaces  act  to  modify  the  values  for  the 
entire  craft  to  less  spectacular  values.  It  is  interesting  to  note, 
however,  that  the  bow  surfaces,  although  showing  rather  poor  per¬ 
formance,  compare  favorably  with  conventional  hull  shapes  at  similar 
Froude  Numbers.  For  example,  at  sixteen  mile3  per  hour,  with  bow 
surface  wetted  length  of  nine  inches,  load  of  seventy-three  pounds, 
and  drag  of  thirty-three  pounds,  the  Froude  Number  is  1*.78  and 
Gliding  Coefficient  O.U33a  This  compares  favorably  with  the  values 
given  both  by  Tiet jens  and  Curry,  and  appears  to  indicate  that  the 
drag  breakdown  derived  is  quite  reasonable. 

Figure  (I4)  indicates  the  effect  of  bow  surface  loading  upon  total 
craft  drag.  As  indicated,  movement  of  the  craft  center  of  gravity 
toward  the  bow  surfaces  produces  a  deleterious  effect  upon  total 
drag  by  increasing  the  bow  surface  drag  at  a  greater  rate  than  the 
main  foil  drag  i3  decreased  by  its  reduction  of  loading.  This  is, 
again,  in  accordance  with  the  theoretical  conclusion  that  maximum 
craft  efficiency  is  obtained  by  carrying  the  greatest  possible  por¬ 
tion  of  the  total  load  on  the  main,  more  efficient  lifting  surface . 

It  is  encouraging  to  note  that  the  theoretical  predictions  of  per¬ 
formance  of  the  test  craft  show  excellent  agreement  with  test  results, 
even  though  the  operating  conditions  did  not  in  ail  respects  represent 
the  conditions  assumed  in  development  of  the  theory.  As  indicated  in 
the  Hydrodynamics  section  of  the  general  Hydrofoil  Studies  report,  it 
is  expected  that  full-scale  hydrofoil  craft  operations  will  be  at 
Reynolds  Numbers  of  at  least  300*000  to  30,000,000,  with  the  greater 
majority  of  cases  of  interest  having  minimum  values  of  over  one  mil¬ 
lion.  The  operating  Reynolds  Numbers  of  the  various  test  craft  com¬ 
ponents  are  shown  by  Figure  (3)  and  are  seen  to  be  at  the  lower  range 
of  values  assumed  in  the  theoretical  studies.  The  agreement  between 
theory  and  test,  even  at  these  low  Reynolds  Numbers,  is  considered  to 
strengthen  the  practical  usefulness  of  the  theory. 

Self-Propelled  Tests 

Observations  of  general  handling  and  operational  characteristics 
were  made  at  various  combinations  of  speed,  gross  weight,  and  center 
of  gravity  location,  in  both  calm  and  rough  water.  Comparative  trials 
were  made  in  rough  water,  using  a  hull  identical  to  the  test  craft 
hull,  as  the  basis  of  comparison. 
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Operation  in  relatively  rough  water  in  the  outer  Los  Angeles  harbor 
on  a  windy  day  indicated  that  the  hydrofoil  craft's  handling  quali¬ 
ties  in  waves  up  to  about  two  feet  in  height  are  remarkably  smooth. 
Comparisons  with  an  identical  hull  under  the  seine  conditions  showed 
the  hydrofoil  craft,  even  with  its  susceptible  bow  foils  planing  on 
the  water  surface,  much  less  subject  to  pounding,  spray,  or  direc¬ 
tional  instability.  The  conventional  hull,  equipped  with  a  sixteen 
horsepower  outboard  motor,  could  keep  up  with  the  hydrofoil  craft 
only  when  the  test  craft's  ten  horsepower  motor  was  operated  at  about 
half-throttle. 

Operation  in  water  rougher  than  that  in  the  outer  harbor  was  not  at¬ 
tempted,  although  runs  were  made  at  various  speeds  up  to  about  twenty 
knots  across  the  wakes  of  large  vessels,  such  wakes  running  as  high 
as  four  feet,  without  affecting  the  hydrofoil  craft's  performance 
beyond  the  initial  disturbance  as  the  bow  surfaces  attempted  to  fol¬ 
low  the  wake  contours.  Complete  damping  after  such  disturbance  was 
affected  in  one  to  two  cycles* 

Extensive  runs  made  in  calm  and  choppy  water  indicated  that  the  craft 
is  stable  about  all  three  major  axes,  with  longitudinal  (pitch)  stabi¬ 
lity  most  positive.  Directional  (yaw)  stability  is  positive,  although 
more  subject  to  disturbance  than  is  the  longitudinal  case.  This  could 
of  course  be  expected  of  a  configuration  which  is,  essentially,  a 
canard  with  thrust  application  far  aft  of  the  main  foil* 

Lateral  (roll)  stability  is  positive,  although  somewhat  more  critical 
than  are  the  other  two  cases.  The  craft  showed  a  slight  tendency  to 
roll  away  from  the  direction  of  a  turn,  a  characteristic  which  became 
more  noticeable  as  the  turn  radius  was  shortened,  bow  surface  load  re¬ 
duced,  or  speed  increased.  This  tendency  was  riot,  however,  considered 
at  all  dangerous  and  is,  in  fact,  not  surprising  when  it  is  realized 
that  control  of  the  craft  was  affected  entirely  by  rudder  action  of  the 
outboard  motor.  Present  efforts  are  being  made  to  modify  the  craft  to 
Include  control  surfaces  on  the  main  foil.  It  is  anticipated  that  roll 
characteristics  will  be  improved  by  this  modification.  The  tendency  to 
roll  could  also,  of  course,  be  reduced  by  increasing  the  lateral  sepa¬ 
ration  of  the  bow  planing  surfaces. 

Attempts  to  determine  the  greatest  angle  to  which  the  craft  could  be 
rolled  indicated  that  there  is  little  danger  of  upsetting  a  craft  of 
this  type.  High  speed  turns  were  the  only  means  by  which  rolls  could 
be  induced,  since  only  rudder  control  was  provided.  The  procedure  then 
involved  entering  a  turn  at  high  speed,  then  tightening  the  turr,  until 
the  maximum  roll  angle  was  attained,  it  being  of  course  in  the  opposite 
direction  from  that  of  the  turn.  It  was  found  that  roll  angle  was 
limited  by  the  angle  at  which  the  rising  foil  tip  broke  water.  Lift 
would  immediately  drop  on  that,  side  of  the  foil,  and  a  strong  restoring 
moment  would  result.  The  craft  usually  merely  returned  to  an  equilibrium 
attitude.  At  worst,  the  foil  would  stall  and  the  craft  would  land. 
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Take-off  and  landing  characteristics  were  much  smoother  than  at  first 
anticipated.  No  sudden  transition,  or  jerk,  was  apparent.  Both  take¬ 
offs  and  landings,  on  the  contrary,  were  characterized  by  gradual 
changes  in  craft  height  and  attitude  as  the  load  was  transferred  from 
the  hull  to  the  foil.  Application  of  full  power  from  a  standstill 
prodr ced  an  appreciable  acceleration  without  marked  changes  in  equili¬ 
brium  Landings,  even  when  power  was  suddenly  shut  off  at  high  speed, 
involved  merely  a  smooth  glide  to  the  normal  displacement  condition. 

It  is  anticipated  that  take-off  and  landing  procedures  for  large 
hydrofoil  craft  will  be  much  less  complicated  than  for  aircraft,  and 
will  be  much  more  amenable  to  completely  automatic  control. 

Although  no  .attempt  was  made  to  design  the  craft  for  high  speed,  it 
is  interesting  to  note  that  a  speed  of  23.9  miles  per  hour  was  main¬ 
tained  over  a  measured  course,  at  a  gross  weight  of  621  pounds. 
Take-off  was  at  seven  to  eight  miles  per  hour.  Time  and  funds  did 
not  permit  measurement  of  net  thrust,  but  it  is  estimated  that  the 
ten  horsepower  outboard  installation  gave  a  net  propulsive  efficiency 
of  the  order  of  fifty  percent. 

Load  carrying  capabilities  of  the  test  craft  appeared  highly  encour¬ 
aging.  Empty  weight,  without  crew,  was  2*^1  pounds.  Successful 
take-offs  and  operation  up  to  about  twenty  miles  per  hour  were  made 
with  up  to  four  passengers  at  a  gross  weight  of  ll6l  pounds. 

A  point  of  interest,  although  not  part  of  the  formal  testing  program, 
was  noted  when  attempts  were  made  to  tow  the  craft  with  only  the  main 
foil  in  the  water.  This  required  movement  of  the  center  of  gravity 
to  a  point  over,  or  slight  aft  of,  the  foil  center  of  lift,  such 
that  the  bow  surfaces  carried  no  load  and  could  be  heM  clear  of  the 
water.  In  this  attitude,  the  craft  appeared  to  be  completely  oblivi¬ 
ous  of  choppy  surface  conditions,  indicating  that  completely  smooth 
operation  might  be  expected  of  configurations  in  which  all  lifting 
foils  are  below  the  water  surface. 
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DESCRIPTION  OF  CRAFT  *  Stability  Testa,  Configuration  II 


In  accordance  with  the  secondary  objective  of  tests  of  the  full- 
scale  hydrofoil  oraft,  and  after  completion  of  the  performance 
tests  in  -which  methods  of  performance  prediction  received  veri¬ 
fication,  the  craft  was  modified  as  necessary  to  obtain  qualitative 
information  regarding  control  and  stabilisation  of  a  oraft  with 
completely  submerged  main  and  stabilising  hydrofoils. 


The  planing  bow  surfaces  incorporated  in  the  first  configuration 
were  removed,  and  a  submerged  tail  foil  was  installed.  In  order 
to  eliminate  the  necessity  of  relocating  the  main  foil  and.  strutB, 
and  to  provide  the  proper  separation  between  main  and  tail  foils, 
the  tail  strut-foil  combination  was  mounted  below  a  tubular  steel 
boom  extending  aft  of  the  hull  transom.  The  tail  foil  and  strut 
were  fabricated  of  laminated  fibreglass  by  hand  grinding,  filing, 
and  sanding. 

Provisions  for  height  sensing  at  the  main  struts  were  made  by 
installing  a  aeries  of  eight  pitot  tubes  along  the  leading  edge  of 
each  main  strut.  Hydrodynamic  pressure  transmitted  through  the 
tubes  operated  bellowa,  which  in  turn,  controlled  small  eleotrio 
motor  flap  servo-aotuators .  Quarter-chord,  fifteen  percent  span 

trailing  edge  flaps  were  Installed  on  the  main  foil  adjacent  to 
each  main  strut,  with  twenty  degree  positive  or  negative  travel. 

Eleotrio  power  for  the  flap  and  tail  position  aotuators  was 
provided  by  four  six-volt  motorcycle  storage  batteries  in  aeries. 

A  control  panel,  including  flap  and  tail  position  indicators  and 
manual  overide  oontrols,  was  mounted  on  the  main  dash  panel  of  the 
craft.  Since,  as  far  as  possible,  components  of  the  autopilot 
and  actuator  assemblies  were  assembled  from  available  war-surplus 
items,  the  system  can  be  considered  to  represent  a  minimum  of  design 
refinement. 


TEST  METHODS  *  Stability  Tests,  Configuration  II 

Tests  of  the  stabilisation  system  were  entirely  self-propelled, 
with  qualitative  observations  of  characteristics  made  both  from 
the  craft  itself  and  from  shore  stations.  Time  did  not  permit 
installation  of  accelerometers ,  nor  the  collect ion  of  quantitative 
test  data.  Observations  were  made  of  Handling  characteristics 
during  take-off,  cruise,  and  landing  operations,  in  relatively 
smooth  water.  It  should  be  noted  that  termination  of  the  basio 
contract  prevented  either  refinement  of  the  initial  stabilization 
system,  or  continuation  of  the  tests. 


CONFIDENTIAL 


TEST  RESULTS  *  Stability  Tests,  Configuration  II 

Trials  of  the  modified  test  oraft  indicated  the  entire  feasibility 
of  stabilisation  of  craft  which  utilize  entirely  submerged  main  and 
auxiliary  foils.  Time  did  not  permit  refinement  of  the  tested 
system  to  the  degree  of  perfection  which  would  be  considered 
desirable.  The  results  obtained,  however,  were  considered  highly 
encouraging  in  spite  of  tho  tested  system's  shortcomings. 

All  trials  of  the  modified  configuration  were  conducted  with  either 
two  or  three  passengers,  at  gross  weights  from  $60  to  1160  pounds. 
Weight  of  the  craft  without  crew  was  600  pounds. 

Initial!  runs  with  the  oraft  were  made  with  a  orew  of  two,  during 
which  familiarization  with  its  handling  characteristics  was  of 
prime  importance .  After  several  short  preliminary  runs  during 
which  manual  operation  of  the  controls  was  affected  to  familiarize 
the  crew  with  the  craft’s  response  characteristics,  take-off  was 
successfully  attempted.  Starting  from  rest,  a  run  of  approximately 
five  boat  lengths  was  required  before  the  craft  was  completely 
foilbome.  The  craft  climbed  steadily  until  the  depth  sensing 
pitot  tubes  affixed  to  the  main  struts  properly  actuated  the  flap 
and  tail  trim  servo  motors.  The  craft  responded  to  the  flap 
and  tail  foil  motions,  and  assumed  a  level  flight  attitude  at 
approximately  the  design  height  above  the  water  surface.  Similar 
runs  were  repeated,  with  "fligit”  distances  of  500  to  600  yards 
successfully  attained. 

During  these  trials  the  effects  of  design  compromises  in  the  flap 
actuation  system  became  apparent.  Assembly  of  the  configuration 
had  been  made  with  expediency,  rather  than  perfection,  as  the 
prime  consideration.  A  great  deal  of  meohanloal  looseness  was 
therefore  present  in  the  actuating  system.  It  was  expected  that 
operation  of  the  meohanisms  would  be  somewhat  compromised  by  such 
looseness,  but  it  was  considered  highly  probable  that  proof  of  the 
basic  stabilisation  oonoepts  could  be  attained  in  spite  of  the 
mechanical  deficiencies.  Such  was  found  to  be  the  oass. 


Two  types  of  "hunting1’  motion  were  noted,  both  attributed  primarily 
to  asohanio&l  looseness  of  the  actuation  system.  A  rising  and 
falling  OBoillatory  motion  sometimes  developed  and  either  damped 
out  or  became  of  suff ioient  magnitude  to  permit  the  hull  to  hit 
the  water  surface,  A  long  period  rolling  oso illation  also  some¬ 
times  developed  and  either  damped  out  or  became  excessive.  Observ¬ 
ations  of  the  flaps  during  both  types  of  oscillation  indioatsd 
that  elimination  of  the  meohanloal  looseness  present  woo}*  la  ell 
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probability  prevent  such  behavior.  It  is  considered  entirely 
probable  that  the  types  of  oscillation  observed  were  actually 
imposed  upon  the  craft  by  the  mechanical  looseness,  rather  tVin 
inherent  characteristics ,  and  that  a  minimum  of  further  develop¬ 
ment  time  is  required  to  provide  an  entirely  satisfactory  auto¬ 
matic  stabilisation  system  for  the  test  craft. 

To  the  best  knowledge  of  personnel  of  this  project,  operation 
of  the  modified  test  oraft  represented  the  first  ocoasion  in 
which  a  hydrofoil  oraft  was  suooesfully  operated  and  stabilised 
by  completely  submerged  main  and  auxiliary  hydrofoil  surfaces 
whioh  did  not  rely  upon  contact  with  the  water  surface  for  their 
proper  stabilising  action. 
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CONCLUSIONS 


As  a  result  of  tests  of  the  fourteen-foot  hydrofoil  craft,  certain 

conclusions  can  be  drawn  with  respect  to  the  general  subject  of  de¬ 
sign  and  operation  of  hydrofoil  craft. 

1.  Although  a  certain  degree  of  care  must  be  maintained  in  fabri¬ 
cation  of  hydrofoil  components,  practical,  rather  than  laboratory, 
tolerances  should  be  entirely  acceptable  for  the  design  of  high 
(L/D)  craft.  As  in  the  cases  of  both  aircraft  and  conventional 
surface  craft,  greater  refinement  of  manufacturing  techniques  will 
be  required  as  emphasis  is  shifted  from  high  load-carrying  to  high 
speed  requirements. 

2.  Power  requirements  of  hydrofoil  craft  can  be  made  much  lower  than 
those  of  conventional  displacement  or  planing  craft  at  the  same 
gross  weights  and  operational  speeds.  Top  speeds,  with  the  same 
power,  can  be  increased. 

3.  Satisfactory  stability  and  control  characteristics  can  be  demon¬ 
strated  with  hydrofoil  craft,  without  exorbitant  sacrifices  of 
performance. 

1*.  The  configuration  which  utilizes  a  completely  submerged  high  as¬ 
pect  ratio  main  lifting  foil,  plus  completely  submerged  auxiliary 
control  foils,  appears  to  offer  considerable  promise  for  high- 
performance  design. 

S.  Acceptable  rough  water  performance  can  be  demonstrated  with 

hydrofoil  craft,  although  more  information  is  needed  with  respect 
to  the  upper  limit  to  which  this  characteristic  applies. 

6o  The  most  critical  aspect  of  hydrofoil  craft  design  appears  to  be 
concerned  with  power  requirements  during  the  take-off,  or  "hump",, 
period  immediately  before  the  craft  is  fully  foilbome.  Every 
effort  should  be  expended  to  arrive  at  a  design  which  minimises 
drag  in  this  region. 

7.  Maneuverability  of  hydrofoil  craft  will  probably  be  somewhat  in¬ 
ferior  to  that  of  their  conventional  counterparts,  although 
tactical  requirements  should  dictate  the  degree  to  which  this 
characteristic  negates  the  advantages  of  greater  speeds  and 
lower  power  requirements. 
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PERFORMANCE  ANALYSIS 
HYDROFOIL  TEST  CRAFT  JH  -  1 


Prediction  of  performance  of  the  hydrofoil  teat  craft  are  made  in  ac¬ 
cordance  with  the  methods  outlined  in  the  Hydrodynamics  section  of 
the  general  Hydrofoil  Studies  report. 

MAIN  FOIL 

Main  foil  drag  is  composed  of  profile  drag  ( I}0  ) ,  plus  induced  drag, 

(D L  )• 

(1)  Dp  3  D0+  Dt 

(2)  D0  ^ 

Cj(#  S  0.00li8  +  0.10(*/c)p  +  0.0050  Cl 
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N  «  number  of  struts,  (2) 


s  Aspect  liatio,  (ll*„k) 
s  planforra  induction  parameter 
s  surface  reflection  parameter 


s  induced  drag  parameter 


It  is  necessary  to  estimate  the  depth  of  submersion  of  the  main  foil 
at  each  operating  speed  in  order  to  evaluate  the  induced  drag.  This 
can  be  accomplished  by  a  process  of  iteration  in  which  a  lift  curve 
slope  is  assumed,  the  corresponding  foil  angle  of  attack  computed,  then 
submersion  established  from  the  relationship 

(M  h  +"  IZ.O 

in  which  (  K.  )  is  the  submersion  in  inches  and  (  c(p  )  the  main  foil 
angle  of  attack  in  degrees. 

The  process  can  be  repeated  by  correcting  the  assumed  lift  curve 
slope  as  appropriate  for  the  submersion  established,  then  determining 
a  new  angle  of  attack  and  depth  of  submersion.  It  is  considered 
highly  probable,  however,  that  such  repetition  is  not  warranted  by 
the  existing  uncertainties  with  respect  to  exact  foil  characteristics 
and  that  entirely  sufficient  accuracy  is  obtained  by  assuming  a  lift 
curve  slope  corresponding  to  the  design  cruise  condition  and  applying 
thi3  value  throughout  the  flight  range. 

The  lift  curve  slope  is  defined  by 


in  which  (  itV»)  is  the  infinite  aspect  ratio  section  slope,  (  ^  ) 
is  the  slope  induction  parameter,  and  the  other  symbols  are  as  de¬ 
fined  previously. 
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For  this  foil, 


Wo  =  ^r{tll)r  -  ST.fea 

'C  =  0,292 


For  the  design  ci’uiso  condition, 


r\,  a  12 a0  inches 

a  Oo650 


The  lift  curve  slope  is  then 


(6)  i cyt  s:  L.li8 


And  the  angle  of  attack  at  any  lift  coefficient  can  be  approximated  by 

(7)  «P  *  -  12 ,acu 


in  which  the  lift  coefficient  is  defined  by 
n 

(8)  Cu  *  TT 

where  (  Cl)ft)  is  the  portion  of  the  load  carried  by  the  main 
foil  (1*53  pounds  for  tho  case  under  study)  <> 

At  any  speed  after  take-off,  then,  the  depth  of  submersion  can  be  de¬ 
termined,  after  which  th8  induced  drag  parameter  ( & )  can  be  estab¬ 
lished.  It  is  tacitly  assumed  that  prior  to  take-off  the  lift 
coefficient  is  limited  to  a  value  of  0.90. 
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The  main  foil  profile  and  induced  drags  then  become 


(9)  D0  -  (solos'  4-  0,00^00^(4.44)1 

s  (o.  OSib  +  0>0'Z.‘Z.'2. 

(10)  0.44-1  i 
a  0.323Z  CTld*  1 

MAIN  STRUTS 


Drag  of  the  main  struts  is  defined  by 

(11)  =  S 

»  1.5  Aj  ^[o.oo48  +  o,  10 (*47 

in  which  (  N  )  is  the  number  of  struts  (2),  (  S5)  is  the  strut 
submerged  area,  (3  )  the  foil  area  (itohU  sq.ft,,),  and  ( 
the  strut  thickness  ratio  xn  percent  of  chord,. 

It  can  be  assumed  that  the  effective  thickness  ratio  of  the  sub¬ 
merged  struts  is  ten  percent. 

The  submerged  strut  areo  is  defined  by 

(12)  5  £'S  k  +* 

whence  the  strut  drag  is 

(13)  i>s  -  1 

-  [7,84*i£*K,  4.  J  <i 


HULL  DRAQ 
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Hull  drag  is  estimated  by  correcting  known  hull  characteristics  for 
changes  in  displacement  a3  lift  is  transferred  from  the  hull  to  the 
hydrofoils.  Towing  tests  of  the  hull,  with  struts  and  foils  removed, 
were  made  to  establish  its  resistance  at  the  same  gross  weight  as 
that  of  the  hydrofoil  craft. 

Net  hull  displacement  prior  to  take-off  is  estimated  by 


aw  w„ « w  [  i  -  ] 

in  which  (WH)  is  net  hull  displacement 

(W)  is  total  craft  gross  weight  (526  pounds) 

(  V"  )  is  speed  in  miles  per  hour 

(Yt-0)  is  take-off  speed  in  miles  per  hour  (7*26  raph 
at  main  foil  lift  coefficient  of  0.90). 


It  is  then  assumed  that  hull  resistance  varies  from  the  experimental 
values  with  the  two-thirds  power  of  the  displacement  ratio. 


us;  D„  *  Rk  ( ty)  3 


in  which  (  iiD#  )  is  the  net  hull  resistance  prior  to  take-off, 

is  the  experimental  hull  resistance  at  full  gross 
weight. 

BOA'  PLANING  SURFACE  DRAG 


Drag  of  the  bow  planing  surfaces  is  estimated  by  assuming  that  it  con¬ 
sists  of  a  combination  of  wave  drag,  induced  drag,  and  friction  drag. 

Induced  and  wave  drags  of  a  bodty  of  the  type  used  for  the  bow  surface® 
can  be  approximated,  as  pointed  out  by  Sbttorf ,  py 

(16)  3  Wb  fc ik.  °(B 

in  which  (it'g)  is  the  sum  of  induced  and  wave  drags, 


-  =<*. 
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(  Wr> )  is  the  portion  of  total  load  carried  by  the  bow 
surfaces, 

(  )  is  the  bow  surface  planing  angle. 

The  load  carried  by  the  bow  surfaces  can  be  determined  as  the  dif¬ 
ference  between  the  total  craft  gross  weight  and  the  sum  of  the  loads 
carried  by  the  main  foil  and  hull.  For  the  particular  case  under 
study,  it  is  equal  to  73  pounds  after  take-off  pounds  carried  by 
main  foil,  none  by  hull). 

Prior  to  take-off,  it  is  assumed  that  the  bow  wave  and  induced  drags 
will  be  equal  to  one-half  the  value  indicated  by  equation  (16),  since 
the  foils  will  be  completely  submerged,  or  nearly  so. 

Friction  drag  of  the  bow  foils  is  estimated  by 


■£>pb  =  3- 


in  which  (  C^,  )  is  friction  drag  coefficient  *  O.OZOSf© 

(  J^)  is  the  Reynolds  Number  s  10^ 

/•/T 

(  S$)  is  the  bow  surface  wetted  area. 

In  the  design  cruise  condition,  submerged  length  of  each  bow  surface 
is  nine  inches,  and  wetted  area  approximately  four  square  feet.  It  is 
assumed  that  these  values  remain  essentially  constant  throughout  the 
flight  range  after  take-off.  It  is  also  assumed  that  the  values  remain 
constant  at  two  feet  and  ten  square  feet,  respectively,  prior  to  take¬ 
off. 

It  is  also  assumed  that  the  friction  drag  coefficient  defined  by  a 
length  of  nine  inches  at  eight  miles  per  hour  is  sufficiently  accu¬ 
rate  for  use  over  the  entire  speed  range  (C^  a  0.00390) „ 

Detailed  computations  of  the  component  and  total  hydrofoil  test  craft 
drags  are  outlined  in  Table  I. 
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TABLE  I 


*  -  256  lbs o  S  -  koUU  sq.  ft.  WF  -  lt53  lbs.  T.O.©  7.?6  aph  (C^  . 90) 


— ML _ !A£li_s 


JL 


Jsk. 


-E2E. 


k 

3U»U 

.90 

11.5  x 


53.8  :  77.it  :  105.1xx 

.50  :  .90  t  „90  t 

dm  Ua  .  11.5  t  11.5  :  11.5  «  11.5  « 

*w  lit. 5  *  lit. 5  t  ilx.5  t  ilx.5  t 


:  26.5 
.552 


**>  ’ 

21,0 

IHULL  DRAG) 

: 

,30lx 

*>*/{&  i 

.696 

Wtt  1 

366 

Km  : 

19 

-  fffth M  » 

.20 

.  : 

lit 

_ fcKPji _ : 

.15 

(MAIN  FOIL  DRAG) 

.0180 

*/t  * 

.01x93 

4?*.  : 

1.7 

-  * 

•lixlx5 

VI  t 

5.0 

6.7 

.07 

fcHTJ*  x 

20.6 

(MAIN  STRUT  DRAG) 

1 h  : 

.0208 

nflKia-'L'-  : 

.0027 

£*/* 

.0235 

At 

0.8 

£tiw,  : 

.01 

3X.  ±  i>#  : 

7.5 

J  : 

,08 

l8.lt 

(BOa  SURFACE  DRAG) 

yy6  . 

22 

lt.2 

£>»»  * 

2.7 

ba  : 

6.9 

.  f-UPa  : 

.07 

-.tfeitB  8 

3.19 

26.5  :  56.5 
.552  :  .552 

21.0  i  21.0 


26.5 
.552  x 

21.0  t 


8  X 

137.5: 
.7it20x 
9.5  x 
11.1  : 
23.1  x 
.561*  , 
19.0  x 


10  :  12 


lit 


16  x 


215.0: 

olt7l6'« 

6.1  x 

5.2  x 
17.2  x 
.589  : 

15.6  i 


309.6: 

.3296* 

it. 2  x 
2,1  x 

litol  X 

.60U  x 

13.7  x 


1x21.3*  550. 2t 
.21x20*  .1853* 


3.1  t 

0.2  i 

12.2  x 

.615  * 

12.6  * 


2.it 

-1.1  t 

10.9  x 
.623  : 
12.0  x 


t 

.1x75 

1  .683 

:  .930 

X 

X 

.525 

x  .317 

x  .070 

t 

• 

• 

271 

t  167 

:  37 

t 

X 

35 

s  60 

:  83 

:  91 

x  101 

:  111 

x  121 

1  133 

X 

•  1*7 

x  .96 

:  1.55 

»  1.9ix 

:  2.69 

x  3.55 

t  lx.  52 

x  5.68 

• 

• 

22 

X  28 

x  lit 

• 

• 

• 

.29 

:  .1x5 

x  .26 

• 

• 

.0180 

: .0180 

x.0180 

: .0122 

1.0050 

I.002U 

x.0013 

j.0008 

.01x93 

x  .01*93 

x  .01x93 

:  .01x35 

l .0363 

X .0337 

X.0326 

*.0321 

2.7 

1  3.8 

1  5.2 

:  6.0 

t  7.8 

s  10.  lx 

:  13.8 

*  17.8 

,12x2x5 

x.lltix5 

x  .11x1x5 

x.IOOix 

x  .01x29 

: .0212 

t .0117 

*.0069 

7.8 

:  11.2 

:  15 .2 

x  13.8 

t  9.2 

:  6.6 

t  lx. 9. 

1  3.8 

10.5 

:  15.0 

x  20. lx 

x  19.8 

x  17.0 

:  17.0 

x  I8.7 

*  21.6 

.lit 

s  .2U 

x  .38 

s  .1x2 

:  .1x5 

:  t>52x 

x  .70 

*  .92 

20.6 

x  20.6 

•  20.6 

;  22.9 

X  26.6 

:  26,6 

x  2 lx.  2 

*  21.0 

X 

,0208 

: .0208 

5.0208 

:  .0182 

xrv 

3 

0 

« 

: .0111 

s.0096 

*.0086 

X 

.0027 

: .002" 

x.0027 

:  .0020 

x .0011 

: .0008 

X.0006 

t.OOOlx 

X 

,0235 

: .0235 

x .0235 

x.0202 

:  ,011x6 

x .0119 

x .0102 

x ,0090 

X 

1.3 

:  1.8 

:  2.5 

:  2.8 

:  3.1 

X  3.7 

:  iio3 

:  5*0 

X 

,02 

:  .03 

:  .05 

;  .06 

t  .08 

x  .12 

x  .16 

x  .21 

X 

11,8 

:  16.0 

:  22.9 

x  22.6 

x  20.1 

X  20.7 

x  23.0 

x  26.6 

• 

« 

,16 

:  .2'“ 

1  »2i3 

:  .1x8 

:  .5ix 

x  .66 

x  .86 

X  l.llx 

l8.it 

:  18. 4 

:  18.6 

t  20.0 

x  22.5 

:  21.9 

x  19.7 

1  17.0 

(TOTAL  DRAG) 

:  29  i  2<6  t 

13,1  :  lloi;  : 

«6l  s 


61  X  56  a  52.lt  2x7.il 

8,6  i  9.1  t  10.1  :  11.1 

_  .98  :  1,08  t  1.11  :  1.26 

tt  :  1.53  t  1.31x  x  1.02  :  ,70  f.  ,57:  ' U7 


CHP 


.31 


ixO  x  50  :  68  x  73  :  73  :  73  :  73  x  73 

7.7  s  9.-6  :  13.1  :  25.1  x  20.1$  »  17.8  s  16.3  »  15.5 

ito2  6>0  x  8.2  :  ix.lt  :  6.9  :  9.9  x  13.5  x  17.6 

11.9  :  15.6  t  21,3  :  29.5  i  27.3  :  27.7  :  29  8  s  33.1 

.16  :  ,25  :  olxO  x  063  :  .73  :  .89  :  1.11  :  l.ltl 

3.39  :  3,21  :  3.19  :  2,1*7  :  2.67  :  2.63  :  2,1x5  x  2.21 


2x8. lx  x  52.8  x  59.7 
1C, 9  x  10.0  x  8.8 

1.55  :  1.97  *  2.55 
olti*  X  .MX  I  eil5 


HYDROFOIL  TEST  CRAFT 


17  o 


GEOMETRY 


.plane. 


Station 

0 

20" 

50" 

91" 

133" 

lU7« 

160" 


MAJOR  DIMENSIONS 


Item 

transom  and  outboard  motor, 
crew  seat  No,  1* 

main  foil,  main  struts,  crew  seat  No*  2« 

Crew  seat  No,  3» 

bow  strut  attachment,. 

bow  planing  surface, 

bow 


Main  Foils  span  -  96,0  inches 

chord  -  (between  struts)  6,8  inches 

(outboard  of  struts)  tapered  to  5«1  inches  at  tip, 
strut  separation  -  l;8,0  inches 
total  area  -  UoUh  square  feet 
aspect  ratio  -  lli.U 
thickness  -  15# 
approximately  65-015  section 


Main  Struts;  length  below  hull  -  2U,0  inches 
chord  at  hull  -  8,0  inchss 
chord  at  foil  -  6,5  inches 
thickness  at  hull  -  1,0  inch 
thickness  at  foil  -  0,5  inch 
slab  sides,  ogive  l.e.  &  t.e.  to  ,25  chord 

Bow  Surfaces;  sheet  steel  2  ft.  x  1  ft,  with  h  inch  flanges  down. 


NOTE:  Foil  angle  of  attack  3°0  degrees  and  bow  planing  angle  12,5 
degrees  for  design  cruise  condition  of  one  foot  submergence 
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BRIEF  HISTORY  OF  CONSTRUCTION  AND  TESTS  OF  HYDROFOIL  TEST  CRAFT 


Theoretical  studies  of  the  general  subject  of  hydrofoils  had.  progressed, 
by  February  of  1950,  to  the  point  where  methods  of  prediction  of 
performance  and  stability  characteristics  of  hydrofoil  craft  were 
proposed  with  sene  degree  of  confidence.  It  waa  considered  highly 
desirable,  however,  to  substantiate  the  various  theories  developed, 
by  operation  of  a  fhll-soale  test  craft  under  actual  operating 
conditions.  Several  methods  of  obtaining  suoh  substantiation  were 
considered. 

The  studies  had  shown  that  the  most  favorable  configuration,  from 
an  (L/b)  standpoint,  would  utilise  completely  submerged  main  and 
auxiliary  hydrofoils,  as  contrasted  with  the  usual  praotioe  of 
employing  either  foils  or  oblique  struts  which  pierce  the  water 
surfaoe.  Simultaneous  testing  of  a  high  (L/D)  oraft  whioh  utilised 
suoh  completely  submerged  foils,  however,  was  oonsidered  to  involve 
design  problems  which  oould  probably  not  be  resolved  in  as  short  a 
time  as  desired.  It  was  therefore  decided  to  attack  the  test 
program  from  two  separate  philosophies.  First,  the  performance 
of  a  high  aspect  ratio  main  foil  would  be  determined,  with  stab¬ 
ilisation  of  the  test  oraft  affected  in  the  simplest  manner,  using 
forward  planing  surfaces  which  would  achieve  the  desired  stabil¬ 
isation  without  affecting  performance  of  the  main  foil.  Seoond, 
the  effectiveness  of  a  completely  submerged  foil  system  would  be 
tested,  after  completion  of  the  initial  performance  tests,  with 
stability  rather  than  performance  as  the  prime  consideration. 

It  was  thus  oonsidered  possible  to  obtain  information  regarding 
performance  and  stability  of  hydrofoil  craft  without  involving 
the  complication  and  expense  of  an  ideal  test  oraft  whioh  com¬ 
bined  all  of  the  desired  features  at  once. 

A  test  configuration  consisting  of  a  submerged  high  aspect  ratio 
foil  aft,  carrying  most  of  the  oraft  weight,  and  small  planing 
surfaces  forward  for  longitudinal  and  lateral  stabilisation, 
offered  a  simple  means  of  obtaining  performance  test  data  without 
introducing  distracting  meohanioal  problems  whioh  would  be 
associated  with  automatic  stabilising  mechanisms.  The  use  of 
laminated  fibreglass  as  a  material  of  construction  was  oonsidered 
seriously  because  of  its  qualities  of  resistance  to  corrosion  and 
fouling,  and  its  relative  ease  of  fabrication.  Mr.  L.H.Corsine, 
who  had  accumulated  a  great  deal  of  experience  in  the  construction 
of  snail  fibraglass  pleasure  boats  was  employed  to  advise  on  this 
type  of  construction.  After  some  study,  the  material  appeared  to 
be  most  desirable  for  construction  of  a  fourteen-foot  test  oraft, 
and  Ur.  Coriine  and  Mr.  Warren  Hoyt  were  employed  to  oonstruot 
the  oraft  at  their  facilities  in  Long  Beaoh,  California. 
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The  basic  design  of  the  performance  test  or&ft  was  developed  sifter 
brief  model  towing  tests  to  insure  that  bovr  planing  surfaces  would 
provide  adequate  stabilisation,.  An  existing  fourteen  foot  Triangle 
Boat  Company  laminated  fibreglass  runabout  hull  was  modified  for 
installation  of  a  high  aspeot  ratio,  two  strut,  main  foil  and  two 
bow  planing  stabilizing  surfaces.  Power  was  provided  by  a  standard 
llaroury  "lO"  outboard  motor  with  extended  shaft.  The  main  foil 
and  struts  were  fabricated  of  laminated  fibreglass. 

Provisions  were  made  in  the  initial  design  for  installation  of 
strain  gages  with  which  to  record  lift  and  drag  of  the  main  strut- 
foil  assembly,  and  net  engine  thrust.  The  laminated  fibreglass 
main  struts  were  designed  for  maximum  practical  rigidity,  and 
steel  strain  gage  mounting  pads  were  provided  between  the  struts 
end  hull  attachment  fittings.  Provisions  were  also  included  for 
adjustment  of  both  depth  and  angle  of  incidence  of  the  main  struts. 

Forward  laminated  fibreglass  planing  surfaces  were  supported  by 
tubular  steel  struts,  with  provisions  for  adjustment  of  both 
height  and  planing  angle. 

Subsequent  trials  of  the  initial  oonfiguration  indicated  that 
sufficiently  reliable  lift  and  drag  measurements  oould  probably 
be  obtained  without  the  expense  and  o duplications  of  strain 
gage  installation.  Provisions  were  therefore  made  for  towing 
the  craft  at  various  combinations  of  speed,  main  foil  depth  and 
inoidenoe,  bow  surface  attitude,  gross  weight,  and  center  of 
gravity  location,  using  a  simple  spring  soale  to  measure  net 
drag.  Reaiatanoo  of  the  basic  hull,  with  the  hydrofoil  system 
removed,  was  determined  by  towing  it  at  the  same  grow  w*i#ii 
as  that  of  the  oosqplete  craft. 

Observations  made  during  repeated  runs  with  the  initial  config¬ 
uration  indicated  that  the  forward  struts  and  planing  surfaces 
were  considerably  overweight  for  the  loads  aotually  encountered. 
Modified  tubular  steel  struts  and  flat  plate  steel  planing 
surfaces  were  installed,  at  the  height  and  angle  of  incidence 
considered  most  favorable  as  the  result  of  qualitative  observ¬ 
ations  of  the  original  surfaoes. 


During  early  runs  with  the  initial  configuration,  the  laminated 
fibreglass  main  foil  failed  by  fracture  of  the  starboard  tip 
section  at  the  foil-strut  Juncture.  Inspection  indicated 
improper,  or  too  hasty,  curing  as  the  cause  of  failure.  ▲ 
seoond  foil  was  febrioated  and  sun  cured,  using  more  reliable 
methods  of  fkbrioation. 
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■  Repeated  testa  with  the  replacement  foil  were  conducted  to  establish 

the  most  favorable  depth  of  submersion  and  incidence  angle,  IJodifiod 
main  struts  were  then  fabricated  and  installed  in  place  of  the 
original  adjustable  struts.  Elimination  of  provisions  for  strain 
gage  installation  and  adjustment  of  height  and  incidence  angle 
permitted  considerable  reduction  of  the  strut  eises,  which  in  turn 
reduced  their  drag. 

Final  performance  trials,  both  towed  and  self-propelled.,  were  then 
conducted  with  the  modified  main  foil  and  struts  and  bow  surfaces 
installed.  In  all,  some  113  trial  runs  were  made.  Empty  weight 
of  the  craft  was  1+51  pounds  with  the  engine  installed,  371  pounds 
with  the  engine  removed.  Towing  testa  were  conducted  with  the 
engine  removed,  in  order  to  eliminate  its  drag  from  the  recorded 
data,  at  a  total  gross  weight  of  526  pounds.  Self-propelled 
tests  were  conducted  at  gross  weights  varying  from  606  to  ll6l 
pounds.  Center  of  gravity  looation  was  varied  to  load  the  bow 
surfaces  from  2.9  to  20.0  percent  of  tho  total  load. 

After  completion  of  the  performance  trials,  the  test  craft  was 
modified  to  incorporate  completely  submerged  stabilising  surfaces. 

The  bow  planing  surfaces  were  removed  and  a  single  tail  strut- foil 
assembly  was  mounted  below  a  tubular  steel  boom  extending  aft  of 
the  hull  transom.  Quarter-chord,  fifteen  percent  span  trailing 
edge  flaps  were  added  to  the  main  foil,  adjacent  to  each  main  strut. 

Brief  development  programs  indicated  that  a  satisfactory  height 
sensing  system  oould  be  designed,  using  hydrodynamio  pressure 
operated  bellows  as  pressure  awitohes  which  would  oontrol  electric 
motor  servo-aotuators.  The  overall  system  designed  was  similar 
to  that  described  in  Sec. Ill,  D  of  the  Stability  Section  of  the 
general  report,  Eleotrio  oontrol  oirouits  were  incorporated 
into  two  autopilots  mounted  in  the  hull  near  the  flap  actuating 
motors.  Power  was  provided  by  four  six-volt  motorcyole  batteries 
in  series.  A  master  oontrol  panel,  with  manual  overide  oontrols , 
was  mounted  on  the  main  dash  panel. 

During  assembly  of  the  automatic  flap  mechanisms  it  became  apparent 
that  the  design  was  auoh-  that  considerable  looseness  of  the 
various  oormeotions  would  be  inherent  in  the  particular  design 
used.  Since  there  did  not  appear  to  be  sufficient  time  available 
for  assembly  of  a  redesigned  system,  it  was  deoidea  to  reduce  tho 
electrical  sensitivity  of  the  autopilots  to  partially  compensate 
for  the  meohanioal  deffioieaoiea  of  the  aotuating  system.  It 
was  oonaidered  probable  that  the  essential  purpose  of  the  teste, 
proof  of  the  basic  stabilisation  conoopta,  oould  be  satisfied 
without  extended  refinement  of  the  oomplete  system.  The  aystam 
was  therefore  assembled,  with  the  expectation  that  its  performance 
would  be  somewhat  compromised  by  its  laok.  of  design  perfection. 
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Subsequent  trials,  at  gross  weights  between  960  and  ll60  pounds, 
indicated  that  a  craft  utilising  completely  submerged  main  and 
auxiliary  foils  could  be  adequately  stabilised.  The  troubles 
expected  as  a  result  of  looseness  of  the  mechanisms  were  en¬ 
countered,  but  in  no  oase  did  they  appoar  to  negate  the  marked 
advantages  of  the  automatic  stabilization  system. 

It  is  considered  entirely  probable  that  a  completely  adequate 
system  of  stabilisation  of  the  fourteen  foot  test  oraft  oan  be 
developed  with  a  minimum  further  expenditure  of  time  and  funds. 
Such  was  not  done  during  the  tests  reported,  however,  due  to 
termination  of  the  basic  study  contract  under  whioh  these,  and 
the  other,  tests  were  conducted. 
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